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1.1 Introduction
Unlike some other animal species, when humans start their life outside the womb they 
are completely dependent on their parents for care. Babies can move their arms and 
legs, but seemingly without purpose. Th ey depend on their refl exes, like the rooting and 
sucking refl ex, for basic life-sustaining actions like drinking. Some of these refl exes will 
disappear with aging, but others, like sneezing, swallowing and eye blinking will stay 
throughout life. When you put your fi nger in his or her tiny little hand, the baby will 
grasp it and hold it tight. But endearing as it may seem, this is just another refl ex, prob-
ably remaining from the time babies were carried around all day and had to grasp their 
mothers’ fur for support.  
But what newborn babies are incapable of, although they will start learning it in the 
fi rst few months of their life, is making controlled limb movements. Reaching for and 
grasping objects that have attracted their attention, like the toy held in view by a parent 
or the mobile hanging above the crib, are abilities that develop only gradually in the 
fi rst months after birth. Yet this process of controlled interaction with the outside world 
is vital for existence, and a basic need in action and communication. And although 
we make such goal-directed movements based on visual and other sensory informa-
tion nearly continuously throughout the day, the neural computations underlying these 
movements are far from trivial. 
Th e neural processes underlying sensorimotor transformations, i.e., the computations 
underlying the conversion of a sensory signal into a motor command, are the central 
theme of this thesis. Before describing the experimental work in the next chapters, this 
introduction provides some background information about current issues and contem-
porary ideas about the neurocomputational mechanisms of reaching.
1.2 Reach planning
1.2.1 Goal-directed movements
Th e aim of a goal-directed movement is to bring an eff ector from its current position 
to the location of the (visual) goal or target. In the planning process of this movement, 
amongst others, an important pair of choices has to be made: 1) what is the target of 
the movement and 2) which eff ector will be used for the movement (Figure 1.1A). Th e 
eff ector can be the hand, for reaching movements, or the eyes, e.g., for saccades, which 
are rapid changes of gaze. Once the goal and eff ector have been selected, the movement 
can be planned, prepared and executed (Figure 1.1B). All steps of this process have been 
studied by neuroscientists, but controversy has remained and many questions are still 
open. Th e focus of this thesis will be on the neural mechanisms of target- and eff ector 
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selection and representation in reach planning, rather than on the actual execution of the 
reach and the issues surrounding this latter subject.
1.2.2 Target and eff ector selection 
In the process of planning and preparing a reaching movement, information about the 
target of the movement and the arm to use must be integrated before a motor program 
can be formulated to generate the appropriate limb movement. Th is process has been 
studied in a large number of areas involved in reach planning in the monkey brain, in a 
series of elegant studies by Hoshi and Tanji (Hoshi and Tanji 2000, 2002, 2004a, b, c, 
2006). Th ese researchers used a sequential instruction paradigm (Figure 1.2), presenting 
the monkeys with two informational cues in successive order. Th e fi rst cue instructed 
either which target to reach for (left or right in the visual fi eld) or which arm to use (left 
or right arm). Th e same was true for the second cue, which contained the complemen-
tary information. After a subsequent set cue, the monkey had to prepare the instructed 
reach, and a further go-signal instructed the execution of the reach. In this manner, 
the paradigm allowed the distinction between target and eff ector processing, in other 
words, whether neurons were sensitive to the instruction where to reach and/or to the 
instruction which arm to use. Hoshi and Tanji performed their fi rst study on neurons 
in the dorsal premotor cortex, an area likely to be involved in target-eff ector integration, 
for which they made the following observations (Figure 1.3): 1) some neurons particu-
larly responded to the instruction to use a certain arm, 2) some neurons particularly 
which target ?
which
effector ?
target selection effector selection
integrate to plan action
prepare and execute 
the planned action
A B
Figure 1.1. Schematic overview of the process of reach planning. A. The fi rst step in the planning 
process consists of two choices: 1) what is the target of the movement (e.g. apple or lime) and 2) 
which eff ector will be used for the movement (e.g. left hand, right hand, eyes). B. After the target 
and eff ector have been selected, they can be integrated to plan the chosen action, which can then 
be prepared and executed.
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responded to the instruction to act upon a certain target location and 3) some neurons 
specifi cally responded to a certain target-arm combination. Th e latter type of neurons is 
thought to be involved in the integration of target and eff ector information, and possibly 
in the computation of a movement plan.
1.2.3 Position coding versus vector coding
After the step of selecting the target and eff ector, these two have to be integrated some-
how in order to plan the movement. Th ere are two main theories on how movement 
planning can be achieved: 1) by planning solely the desired end position of the eff ector 
(position coding) and 2) by computing the vector from the current position of the eff ec-
tor to the fi nal desired position (vector coding). Th is paragraph will briefl y introduce 
these two theories.
Many readers may be familiar with a classic high-school biology experiment where an 
electrode was attached to the spinal gray matter of a frog. Putting a current on the elec-
trode excited neurons and axons, and therewith motor neurons, causing the legs of the 
frogs to extend. In a more controlled setting, a series of experiments by Giszter et al. 
(1993) showed that artifi cially stimulating the spinal gray matter of frogs in this manner 
produced a fi xed equilibrium-point for the frog’s legs, depending on the location of the 
stimulation. According to the related equilibrium-point hypothesis, for a given stimula-
Figure 1.2. Two-step delay paradigm of Hoshi et al. (2000). A target and arm cue are presented 
successively, in either order, and each followed by a delay. The set cue instructs reach preparation 
and the fi nal go cue the execution of the reaching movement.
arm ĺ target instruction
target ĺ arm instruction
pre cue
1st cue
1st delay
2nd cue
2nd delay
set cue
GO
reach
left arm
left target
right arm
right target
time
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tion, the fi nal confi guration of the limbs does not depend on the initial one. A given 
amount of muscle activity will, due to the excitement and inhibition of sets of antagonis-
tic muscles, always lead to the same confi guration of joint angles.
It has been suggested that reaching movements could be controlled by an equilibrium-
point control method, also called the postural control view, requiring only encoding of 
the end position of the movement (Bizzi et al. 1984; Desmurget and Prablanc 1997; 
Feldman 1986; Flanders et al. 1992; Van den Dobbelsteen et al. 2001). If you want to 
reach for a target, you can just compute the joint angles needed to position your hand 
at the target position, and then determine the muscle activations that will produce that 
position for your limb. You then simply send those motor commands to the arm muscles 
and your hand will get to the target and remain there.
However, a number of arguments have been listed why this type of control might not be 
used for goal-directed movements. One is that reaching movements controlled in this 
way would be too slow, as changing the stimulation pattern leads to a slow shift of the 
limb towards its new position (Shadmehr and Wise 2005). It is more eff ective to start 
Figure 1.3. Overview of the neural responses in PMd during the two-step delay paradigm, 
depicted in Figure  1.2.  Arm-sensitive neurons respond particularly to the instruction to use a cer-
tain arm; the right arm for the depicted neuron. Target-sensitive neurons respond particularly to 
the instruction of a certain target location; in this case the right target. Combination-sensitive 
neurons respond specifi cally to a certain target-arm combination, or action. The combination-
sensitive neuron in this illustration responds to the instruction to move the right arm to the left 
target. These activations occur during the delay periods following the instructions, during the 
planning phase of the movement. From Hoshi et al. (2000).
arm-sensitive neuron target-sensitive neuron combination-sensitive neuron
rig
ht
 a
rm
le
ft 
ar
m
right target
left target
right target
left target
target 
cue
arm 
cue
arm 
cue
target 
cue
target 
cue
arm 
cue
arm 
cue
target 
cue
Chapter 1
13
a movement by overstimulating the agonist muscle while reducing stimulation to the 
antagonist muscle, so that the limb accelerates quickly. When the limb is near the target, 
the antagonist gets stimulated to act as a brake on the system. Finally, the agonist muscle 
gets reactivated to the level appropriate for maintaining the fi nal position or equilibrium-
point. Th is three-burst pattern of activity for making rapid movements is indeed how the 
human central nervous system works.
Another argument against the equilibrium-point hypothesis is that normal reaching 
requires sensory feedback. People with sensory neuropathy, a rare disorder where the 
brain does not receive input from the senses of the limbs, can make accurate reaching 
movements, like a healthy person. However, their ability to maintain joint angles for 
more than a brief period of time without visual feedback is badly impaired (Rothwell et 
al. 1982). Furthermore, Lackner and Dizio (1994) found that inertial, noncontacting 
Coriolis forces deviate the path and endpoint of reaching movements, a fi nding that 
shows the inadequacy of equilibrium position models of movement control. Th is again 
illustrates that sensory input is used for the computation of a movement plan. So only 
coding the end position of the movement is apparently not enough to plan accurate 
reaches, an estimate of the hand position at the beginning and even throughout the 
movement is also required for swift and accurate target acquisition.
Th e currently prevailing model of reach planning is therefore that the movement is com-
puted as a diff erence vector, the vector between the current position of the hand and 
its desired end location (Bock and Eckmiller 1986; Ghez et al. 1997; Rossetti et al. 
1995; Vindras and Viviani 1998). According to this view, the brain fi rst computes the 
hand-target vector and then plans the motor commands by separate processing of the 
amplitude and direction of this vector (Lemay and Stelbach 2005; McIntyre et al. 1998; 
Vindras et al. 2005). In the case of a goal-directed movement, this desired end position 
often consists of a visual target. 
Evidence that the current position of the hand plays a role in movement plan compu-
tation has been provided by studies showing that the perceived initial hand position 
directly infl uences the fi nal position of the hand (Vindras and Viviani 1998; Vindras 
et al. 1998). For this purpose, the perceived hand position may be computed from a 
weighted combination of visual and proprioceptive feedback (Sober and Sabes 2003, 
2005). Furthermore, there is evidence that the amplitude and direction of a movement 
are encoded independently, as was shown by studies on the fi nal distribution of reach 
errors (Gordon et al. 1994), or the accumulative eff ect of errors in sequential movements 
(Bock and Arnold 1993). Th is supports the idea that the vector from the current hand 
position to the target forms the basis of the reach plan. Also, the studies in this thesis are 
in support of a vectorial coding scheme in reaching planning. 
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1.2.4 Reference frames
According to the vectorial model of movement planning, reaching movements are 
planned as a diff erence vector from the current hand position to the target location (or 
desired hand position). In daily life, if we want to describe the position of an object, we 
describe this position relative to other positions. One and the same object, for instance 
a cup of tea, can be positioned on the table, to the right of a book you were reading, 
and in front of you. If you were to pick up the book and place it on the other side of the 
cup, the position of the cup would still be on the table and in front of you, but it would 
now be on the left side of the book. So the cup’s position would have changed relative to 
the book, but not to the other reference points. Reference frames are just that, a way of 
describing the position of objects relative to a certain reference point. In the mathemati-
cal sense, a reference frame is a set of rigid axes that intersect at an origin. Th ese axes are 
usually perpendicular to each other, and they are marked with gradations. Th is system 
allows the location of any object to be described by coordinates, refl ecting its position 
along each of the axes (Batista 2002) (Figure 1.4).
Figure 1.4. Mathematical description of a 
reference frame. A reference frame can be 
described as a set of rigid axes (X, Y, Z) that 
intersect at an origin (O). The axes are usu-
ally perpendicular to each other and they 
are marked with gradations. Any object or 
point in space can be described by coordi-
nates (x, y, z), refl ecting its position along 
each of the axes.
For the computation of a diff erence vector, the hand and target position conceivably 
have to be defi ned in the same coordinate system. Th ink for instance again of the exam-
ple of the book on the table. You have picked up the book that was on the left of the cup 
and placed it on its right side. If you read this sentence, you can get a pretty clear image 
in your head of the path the book has followed. But if the description is as follows: pick 
up the book that is on the left of the cup and place it behind the vase of fl owers, you can-
not mentally create the corresponding trajectory, unless you know where the vase is posi-
tioned relative to the cup (in a ‘cup-centered reference frame’). For the diff erence vector 
to be computed, the location of the book (initial position) and the vase (fi nal position) 
have to be encoded relative to the same object (cup) or, in other words, in the same frame 
of reference. Th e choice of reference frame is still open, however, as the movement can 
also be planned relative to the position of the book or relative to the position of the vase.
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For a reaching movement, if both the hand and target are in sight, both the initial hand 
position and the fi nal target position are already encoded as a position relative to the 
direction of gaze, or in eye-centered coordinates, and the diff erence vector computa-
tion can directly take place in this reference frame. But if the hand is not seen and the 
hand position has to be derived from proprioception, this poses a problem. Assuming 
the diff erence vector computation takes place in eye-centered coordinates, this requires 
working out the current location of the hand relative to gaze from sensors that measure 
muscle lengths and joint angles, a computation called forward kinematics. Th ese compu-
tations require a correct incorporation of body geometry - including information about 
the current orientation of the eyes, head and shoulder - as well as stored data about the 
geometry of the bones and muscles in the linkage from the eyeball to the pointing hand 
(Henriques and Crawford 2002). Using forward kinematics, you can align information 
between the two diff erent sensory modalities: proprioception and vision (Figure 1.5).
Of course, the opposite might also be possible. With the hand or arm position obtained 
from proprioception naturally encoded in a reference frame centered at the shoulder, 
the target position could be transformed through inverse kinematics: the calculation of 
a certain position in space into a required set of joint angles, into a goal location relative 
to the shoulder. Th e diff erence vector could then be computed in this shoulder- or body-
centered frame of reference.
Figure 1.5. Schematic overview of movement planning. Sensory input comes from both vision 
(target, hand if in sight) and proprioception (felt hand position). Representations of target posi-
tion (T) and hand position (H) can be recalculated from a body-centered frame (b) into an 
eye-centered frame (e) through forward kinematics, and vice versa through inverse kinematics. 
The diff erence vector (DV) from the initial hand position (H) to the target (T) can be calculated 
through subtraction (T-H), within a certain reference frame. The diff erence vector must then be 
transformed into a muscle-based motor command before it can be executed.
inverse kinematicsTe Tb
He Hb
DVe DVb
vision proprioception
forward kinematics
Te - He Tb - Hb
muscle-based 
motor command
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However, as vision is the dominant sensory system in the brain, and also has a superb 
spatial resolution, there are strong arguments for diff erence vector computation in eye-
centered coordinates. Furthermore, eye movements are naturally encoded in eye-centered 
coordinates. As the hand and eye often act together upon the same target, computing 
reaches in an eye-centered frame facilitates eye-hand coordination (Andersen and Buneo 
2002; Batista et al. 1999). Finally, maintaining a representation of space closely aligned 
with vision might allow for easier calibration and/or error detection.
1.2.5 Kinematics versus dynamics
So according to the theory of diff erence vector coding, in order to control a reaching 
movement, the brain computes the diff erence between the location of a target and the 
current location of the hand, at a kinematic level. But the resulting diff erence vector 
cannot drive the muscles to move your arm. For that, the desired diff erence vector must 
be transformed into a joint-rotation vector using inverse kinematics fi rst, and then into 
the forces and torques needed to make the movement (Figure 1.6). Apart from the kin-
ematic computation described above, dynamics also play a role in the execution of the 
movement. Kinematics is the study of motion without regard to forces that cause it; 
dynamics is the study of motions that result from these forces. As the focus of this thesis 
is on the planning of movements in an early-stage high-level manner and thus limited to 
kinematics, we will not go into more detail on dynamics here. It is important to realize, 
though, that the diff erence vector is merely an intermediate step in reach planning, and 
that further processing is required to execute the reach.
Figure 1.6. Schematic overview of reach planning. Planning a reach starts with computing the 
diff erence vector between target and hand location. This vector is then transformed into a joint-
rotation vector, and subsequently into the forces and torques needed to make the movement.
locate hand
locate target
compute 
difference vector
program joint-
rotation vector
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1.3 Reach planning in the nonhuman primate
1.3.1Neural correlates of reaching
After this brief introduction of some of the computational aspects of reach planning, 
we will now consider some work that has been performed in relation to the neural cor-
relates of these computations, starting with work in the nonhuman primate. Two densely 
interconnected parts of the brain play an important role in sensorimotor integration for 
reaching movements: the posterior parietal cortex and the motor areas of the frontal or 
premotor cortex (Figure 1.7). Th e primary motor cortex, located in the dorsal part of 
the precentral gyrus and the anterior bank of the central sulcus, acts as the center point, 
both anatomically and functionally. Generally speaking, areas near the central sulcus 
are involved mainly in the aforementioned dynamics of the movement, and those far-
ther away from the central sulcus are more involved in processing at a kinematic level 
(Shadmehr and Wise 2005).
At the cortical level, the visual cortex is the starting point for the transformation from 
visual signal to motor command, and the primary motor cortex is the fi nal cortical stage 
(Batista 2002). Th e visual cortex is where the neural signal induced by light in the retina 
enters the cortex. Neurons in the visual cortex use a retinal reference frame: if the eyes 
Figure 1.7. Brain areas involved in reach planning. The visual cortex receives visual information 
from the eyes and the somatosensory cortex processes positional information from the limbs. 
The parietal cortex and premotor cortex play an important role in sensorimotor integration. 
The motor cortex is involved in the execution of the movements. Adapted from an illustration by 
Barbara Martin, VanderBilt University.
Premotor cortex
Motor cortex
Somatosensory cortex
Parietal cortex
Visual cortex
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move, the spot in the world to which these cells respond also move, but it stays fi xed with 
respect to the retina.
From the visual cortex, visual information about the spatial location of objects travels 
to the posterior parietal cortex (PPC), along the dorsal stream (Goodale 1993; Milner 
and Goodale 1993; Tann et al. 1995; Ungerleider and Haxby 1994). Th e PPC has an 
important role in sensorimotor transformations. It receives not only extrinsic spatial 
information from the visual cortex, but also gathers intrinsic proprioceptive information 
from the somatosensory cortex (the cortex where sensory feedback from the limbs enters 
the brain). So based on its connections, PPC has access to visual information about the 
target location, as well as both visual and proprioceptive information that it can align to 
estimate the current position of the hand. In this way, it has all information available for 
computing the diff erence vector. Th e question that remains to be answered then is which 
reference frame(s) is/are involved in this computation.
In the monkey, much research has been done on the reference frames involved in reach 
planning. An important study, in this regard, was performed by Batista et al. (1999) in 
the so-called parietal reach region (PRR), a patch of cortex in the PPC, on the medial 
bank of the intraparietal sulcus. When a monkey had to perform a reaching movement 
to a certain visual target from two diff erent initial hand positions, the tuning curves of 
the cell’s neural activity were insensitive to the change in the hand’s starting position. 
But when the monkey had to make the same hand movement, thus from the same initial 
position to the same target relative to the body, twice, but with its gaze at diff erent posi-
tions (in other words, the target had changed position in gaze-centered coordinates, but 
not relative to the limb), the cell’s spatial tuning changed markedly. Th is suggests that 
reach plans in PRR are encoded in eye-centered coordinates (Batista et al. 1999). 
Another infl uential study on the visuomotor transformations for reaching was done by 
Buneo et al. (2002) in dorsal area 5 of the PPC. In this study, fi ve potential reference 
frames involved in reach planning were tested, namely target and hand position cod-
ing in: 1) hand coordinates, 2) body coordinates, 3) eye coordinates, 4) hand and body 
coordinates and 5) hand and eye coordinates (Figure 1.8). To do so, fi ring rates for pairs 
of movements were compared, while initial hand position, target position and gaze direc-
tion were varied. In each pair of trials, the movements were identical when expressed in 
one of the fi ve mentioned frames, but not in the others. Th e highest correlation between 
the fi ring rates in the two trials was found when both movements involved the same 
hand displacement in eye-centered coordinates (the ‘hand and eye coordinates’ condi-
tion). Th is is another piece of evidence that the computation of the diff erence vector in 
the monkey PPC is done in eye-centered, rather than body-centered coordinates. 
Th e PPC is interconnected with the dorsal premotor cortex (PMd), which can be found 
on the other site of the primary motor cortex, in the frontal cortex. As in the PPC, neu-
ral discharge in PMd refl ects the direction of an upcoming reach. Th is information is 
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encoded as the relative position of the hand, eye and goal (Pesaran et al. 2006). As cells 
in PMd change their activity when the end eff ector moves, this reach is likely encoded 
as a diff erence vector. But whether PMd is directly involved in the computation of the 
diff erence vector, or only refl ects the input from the PPC, for instance for the further 
transformation into a muscle-based motor plan, remains to be investigated.
Th e fi nal cortical stage in the computations underlying reaching movements is the pri-
mary motor cortex (M1), which has a somatotopic organization and is involved in the 
execution of movements by controlling the activity of muscles. Cells in M1 encode the 
next movement in a sequence. Besides dynamics, like the magnitude of the movement or 
the load on the muscles (Cisek et al. 2003), M1 also encodes kinematics (the direction 
of the movement). M1 likely encodes movement trajectories in body-centered coordi-
nates, although the nature of the M1 representation of reaching movements is still under 
debate (Kalaska et al. 1997; Scott et al. 2001).
1.3.2 Reaches versus saccades
Based on monkey research, it has often been suggested that, both in the frontal and the 
parietal cortex, diff erent cortical modules exist for the planning of movements of diff er-
ent eff ectors, more specifi cally for arm versus eye movements (Figure 1.9). 
In the premotor cortex, the frontal eye fi elds (FEF) are thought to be involved in the 
planning of saccades, whereas the dorsal premotor cortex (PMd) seems specialized for 
reaches. In the parietal cortex, a similar distinction exists between the lateral intraparietal 
1. Hand 2. Body 3. Eye 4. Hand and body 5. Hand and eye
Figure 1.8. Neuronal population activity in the posterior parietal cortex for reaches to identical 
target locations in 1) hand coordinates, 2) body coordinates, 3) eye coordinates, 4) hand and body 
coordinates and 5) hand and eye coordinates. Firing rates for pairs of movements show the high-
est correlation when they are identical in both hand and eye coordinates. From Buneo et al. (2002).
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area (LIP) and the parietal reach region (PRR). For humans, however, this distinction 
seems not so clear (Connolly et al. 2007; Levy et al. 2007; Medendorp et al. 2005). We 
will take this issue in consideration in Chapter 5 of this thesis.
1.4 Behavioral studies on reach planning
Th e subject of this thesis is related to the neural computations underlying human reach 
planning. One way of gathering knowledge about these computations, rather than by 
studying neural activity itself, is to study the behavioral outcome. Behavioral perform-
ance, e.g. the fact that the system may not operate fl awlessly, can provide important 
insights. By assessing the operational errors in the reach system, one may be able to make 
inferences about the nature of the computations (e.g. Berkinblit et al. 1995; Carrozzo 
et al. 1993; Hocherman 1993; Rossetti et al. 1994; Sainburg et al. 2003; Sober and 
Sabes 2005; Van Pelt and Medendorp 2008; Vindras and Viviani 1998). Behavioral 
reach errors can be defi ned by diff erent measures (Figure 1.10). Th e most direct measure 
is the absolute reach error (d), the distance from the real location of the target to the end 
position of the fi nger that was instructed to reach for it. Th e constant error defi nes the 
reaching error with respect to a predefi ned reference, and comes with a positive or nega-
tive sign, pointing out the direction of the error. In spherical coordinates, it can be split 
into the angular error (α) defi ning the diff erence in direction and the amplitude error 
(ρ) defi ning the deviance in size. Finally, variable errors are obtained from the spatial 
distribution of endpoints, e.g. by calculating the surface of the 95% confi dence ellipse 
of responses around the instructed target. McIntyre et al. (1998), for example, used the 
orientation of the confi dence ellipses (i.e. the variable errors) in order to identify the ref-
PMd
FEF
PRR
LIP
Figure 1.9. Frontal and parietal cortical modules for reaches and saccades in the monkey. Dorsal 
premotor cortex (PMd) and the parietal reach region (PRR) seem specialized for reaches, whereas 
the frontal eye fi elds (FEF) and lateral intraparietal area (LIP) are thought to be more involved in 
the planning of saccades.
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erence frames used to represent the target position during a memory period introduced 
between the presentation of the target and the execution of the reaching movement. 
Th ey demonstrated that for reaches performed in the light, target position was repre-
sented relative to gaze. 
starting position
target
d
Į
ȡ
minor axis
major axis
Figure 1.10. Schematic representation 
of the analysis of reach errors. Reach 
errors can be defi ned by the absolute 
error (d), angular error (α) and amplitude 
error (ρ). Also, a confi dence ellipse can be 
drawn around the responses, represent-
ing the variable error. From Revol et al. 
(2003).
Henriques et al. (1998) used constant reach errors to examine the reference frame 
involved in the updating of reach targets across saccadic eye movements. To do so, they 
investigated the directional errors of reaching movements toward remembered visual tar-
gets, which were initially fl ashed on the fovea, but had their memory trace in the reti-
nal periphery due to the intervening saccade. While reaches were relatively accurate for 
foveal targets without intervening saccades, the reaches after intervening gaze shifts were 
biased in the same direction as reaches to targets presented at the same location in the 
retinal periphery. Although the reason for the directional bias is unclear, these fi ndings 
suggest that the bias arises after the reach target is updated relative to gaze, in the sub-
sequent reference frame transformations for the arm movement (Henriques et al. 1998; 
Khan et al. 2005a; Van Pelt and Medendorp 2008).
In Chapter 2 we further exploit the constant reach errors to learn more about the neural 
computations involved in target-eff ector integration for reach planning. 
1.5 Neuroimaging of reach planning
1.5.1 Functional magnetic resonance imaging (fMRI)
In the monkey, many studies using single-unit recordings have been performed on the 
planning of reaching movements and the reference frames involved. In contrast, reach-
ing studies in humans have mostly been limited to behavioral and psychophysical stud-
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ies, although there are exceptions (see below). One of the diffi  culties with studying the 
human brain is that the most eff ective method of studying the monkey brain -  probing 
the brain with electrodes to directly read out the activity of individual neurons -  is ethi-
cally not acceptable and can therefore in general not be performed. Th e only exception 
to this are specialized studies in a very small number of specifi c patients, for instance in 
patients with severe epilepsy, who require a brain-implant to localize the epileptogenic 
zone and map eloquent functions of their cortex (Nair et al. 2008). In humans, there 
are a number of alternative non-invasive brain recording techniques, such as electro-
encephalography (EEG), magnetoencephalography (MEG), positron emission tomog-
raphy (PET), and functional magnetic resonance imaging (fMRI), all with their own 
advantages and downsides. Although fMRI is one of the methods with the highest spatial 
resolution, in our studies we measured functional voxels of 3.5 cubic millimeters, each 
containing millions of neurons. On the other side, whereas micro-electrode recordings 
are limited to a small number of neurons, possibly causing a sampling bias, fMRI allows 
for scanning the whole brain.
For fMRI measurements, the subject is placed inside an MRI-scanner (Figure 1.11). 
Th is scanner uses a powerful magnetic fi eld (3 Tesla in our studies) to align the nuclear 
spins of hydrogen atoms in biological tissues, just as a compass aligns with the earth’s 
magnetic fi eld. When radio frequency pulses (RF pulse) are applied to these hydrogen 
atoms, they change orientation because of the absorbance of energy (excitation). After 
you turn off  the radio waves, as the protons return to their original orientations, they 
emit energy in the form of radio waves (relaxation). Th e local milieu of the atom (white 
matter, gray matter, bone, cerebrospinal fl uid) determines the speed of relaxation, which 
is the basis of contrast in the MRI image (Huettel et al. 2004). In this way, anatomical 
images of the brain can be created. Functional MRI, or fMRI, is based on the premise 
that changes in brain activity will lead to changes in the MRI brain image. Diff erences 
between the MRI images are color-coded and then superimposed on an MRI image to 
produce the fMRI image. One of the important factors leading to changes in the MRI 
signal is the fl ow of blood. Th is is because the oxygen content of the blood alters the 
spin of the blood’s hydrogen atoms. Th us, the signal visualized in fMRI is often referred 
to as the ‘blood-oxygen-level-dependent’ signal, or BOLD signal, depicting diff erences 
in blood oxygenation related to neural excitation (Logothetis 2008). While the fMRI 
method is very powerful it also has weaknesses. Being based on blood fl ow, it has low 
temporal resolution. Neurons work in milliseconds whereas changes in blood fl ow occur 
in seconds. Also, the method requires that the subject remains absolutely still while the 
images are being acquired and there are safety issues because of the strong magnetic fi eld.
A task in fMRI in its simplest form consists of two conditions, each performed for a 
certain amount of time periods or blocks: 1) the process one wants to investigate (e.g. 
reaches) and 2) a control condition (e.g. steady fi xation without movement). In this way, 
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by subtracting the brain activation during fi xation from that during the reaches, the 
additional activation caused by the reaches gets extracted and can be attributed to the 
movement process (Huettel et al. 2004). In this thesis, we did not use such block designs, 
but instead used a method called fast event-related fMRI. In such designs, events follow 
upon each other shortly in time. A trial could for instance look like this: 1) fi xation, 2) 
cue1, 3) cue2, 4) movement; all within 15 seconds. As the BOLD response has a delay 
of 5 to 6 seconds before reaching its peak, and an even longer delay to return back to 
baseline, these events can not easily be separated in time. But by performing not one but 
multiple successive trials, in randomized order, and by jittering the time between the 
diff erent events, one can make sure the correlations between the diff erent events are low, 
and activity belonging to each event can be separated. For this, a general linear model 
(GLM) is created where each condition is represented by a predictor function (regressor), 
a modeled estimation of how the brain activation caused by this condition will look. Th e 
measured activation is then fi t to the modeled activation of all regressors, thus attributing 
parts of the overall activation to the diff erent conditions.
fMRI studies on human reaching movements are scarce, likely because reaching in the 
scanner poses an innate problem: moving the arm through the scanner bore causes fi eld 
disturbances that will infl uence the data measured. Th is also explains why the few neu-
Figure 1.11. Set-up of the fMRI experiments in this thesis. Subjects are placed on the scanner 
table, which will shift inside the scanner bore (on the left) for the actual recordings. Their head, 
within the head coil, and their shoulders are tilted upwards by means of a wooden torso support 
board. Arms are strapped at the level of the chest to prevent excessive movement. Cushions are 
provided for comfort. Task instructions are given by the LEDs on the stimulus device, attached to 
an arch placed over their legs. Hand position was measured by means of a button box, placed 
either at the subjects lap (Chapter 3 and 4) or on a second arch (Chapter 5). 
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roimaging studies performed have examined pointing, based on simple wrist movements, 
and not true reaching. Other methods of studying the motor planning system without 
actual reaching include action observation and motor imagery.
At the Donders Institute for Brain, Cognition and Behaviour at the Radboud University 
Nijmegen, a method (Verhagen et al. 2006) was recently developed to correct for the 
fi eld disturbances caused by the mass dislocalization of the arm during the reach. In this 
correction routine, an average value of activation over all voxels representing cerebrospi-
nal fl uid is computed for each volume. Th is list of activation values for all volumes can 
then be used as a regressor of non-interest in the aforementioned GLM. Th e activation 
captured by this regressor refl ects the disturbances in the fi eld and keeps the activation of 
the task-dependent regressors clean. 
1.5.2 Previous studies on reaching in fMRI
Functional MRI studies in humans on the neural correlates of reaching have only begun 
recently. One of the fi rst neuroimaging studies on reaching was performed by Connolly 
et al. (2003), who identifi ed a region in the posterior parietal cortex responding more 
strongly to reaches than saccades. Th ey suggested this region to be the human analog 
of the monkey parietal reach region, although not all the characteristics of the monkey 
region have been identifi ed in the human. Pellijeff  et al. (2006) reported that a change 
in the posture of the upper-limb is associated with a signifi cant increase in BOLD acti-
vation in a closely corresponding region. Th ey suggested this region to participate in 
the dynamic representation of the body schema. In a more recent study, Filimon et al. 
(2009) reported evidence for multiple parietal reach regions in the human cortex. One of 
these, located in the anterior precuneus (aPCu) was equally active regardless of whether 
reaches were made with or without visual feedback of the hand. Th ey also reported a 
more posteriorly located region, in the superior parieto-occipital sulcus (sPOS), which 
was more strongly activated for reaching with vision of the hand than without. Th ese 
results suggest that aPCu is a sensorimotor area whose sensory input is primarily prop-
rioceptive, while sPOS is a visuomotor area that receives visual feedback during reaching, 
perhaps to monitor visually how far the limb is from the target. 
Another infl uential neuroimaging study on visually-guided reaching was performed 
by Prado et al. (2005). Th ese authors reported a more extended reaching network for 
reaches in peripheral vision (even if the eye subsequently looked directly at the location 
where the target had been) than for reaches to foveal targets. Foveal reaches activated the 
medial intraparietal sulcus and the caudal part of the dorsal premotor cortex. A region 
in the parieto-occipital junction, near the sPOS area described above, was additionally 
activated for peripheral reaches, as was a more rostral part of the dorsal premotor cortex. 
Prado and colleagues suggested that the latter regions might have crucial roles in decou-
pling eye-hand coordination.
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In humans, the nervous system is organized such that for many systems, information 
from the left half of the body is represented in the right hemisphere and vice versa. Th is 
is also to a large extent true for movement planning. In a study of Astafi ev et al. (2003), 
separating activation caused by attention and vision from that caused by pointing, right-
hand movements were examined, and as such, the left hemisphere was primarily acti-
vated. Medendorp et al. (2005) showed in more detail that certain areas show larger 
activation for movements with the contralateral hand. For this, they studied a bilateral 
parietal area they called retinal IPS (retIPS). In an earlier study (Medendorp et al. 2003), 
this area had been shown to topographically represent targets for saccades and pointing 
movements, in eye-centered coordinates. Given that this area represents both visual tar-
gets and the hand selected for the movement, it is in a good position to be involved in 
the computation of a reach plan.
As mentioned before, in the monkey brain, diff erent cortical modules have been shown 
for reaching and for saccades. Several studies have investigated these two processes in 
humans, instructing subjects to make both saccades and reaching movements in a single 
experiment in fMRI (Connolly et al. 2007; Levy et al. 2007; Medendorp et al. 2005). 
Unlike the clear topography found in the monkey brain, humans show a more diff use 
image of overlapping activity in both parietal and frontal cortex for reaches and saccades.
Studies on grasping (e.g. Culham et al. 2003; Frey et al. 2005) are closely related to 
reaching studies. Grasping involves both the transportation of the arm toward the object 
(or reach) and additional processing to assess object shape, size and position, in order 
to preshape the hand. Although these studies can be informative about reach activation, 
their focus is usually on the additional processing required for the actual grasp.
1.6 Defi cits in reach planning
Th e importance of reach planning, including the integration of target and eff ector infor-
mation in the computation of the diff erence vector, becomes painfully clear in patients 
with optic ataxia (OA), who have partly lost this ability. Optic ataxia is considered to be 
a specifi c visuomanual guidance defi cit (Perenin and Vighetto 1988), which combines 
reaching errors due to the use of the contralesional hand (hand eff ect) and to the presen-
tation of the visual target in the contralesional fi eld (fi eld eff ect) (Blangero et al. 2007). 
For a long time, these two components have been studied separately. Th e fi eld eff ect has 
been attributed to an impaired spatial integration of visual target location. Th e hand 
eff ect has recently been shown to rely on a mislocalization of the fi ngertip of the ataxic 
hand in peri-personal space from proprioceptive information (Blangero et al. 2007). 
Th us, misreaching in optic ataxia can be interpreted from the point of view of the spatial 
integration of both visual (target) and proprioceptive (hand) information. Studies on the 
defi cits occurring with optic ataxia can be informative about the nature of the processes 
General introduction
26
that normally occur in the brain areas that are impaired in these patients, such as the 
suggestion that the PPC is specifi cally involved in online control of reaching movements 
(Pisella et al. 2000), although care must always be taken when interpreting lesion studies 
of any kind.
1.7 Outline of thesis
Th is thesis aims at a better understanding of the neural correlates and computational 
mechanisms underlying reach planning in humans. In Chapter 2 we investigate the 
behavioral reference(s) involved in the computation of the diff erence vector between the 
position of the hand and the position of the target. To do so, we asked subjects to prepare 
and execute pointing movements to memorized targets starting from various initial hand 
positions while keeping gaze fi xed in various directions. We present a reference frame 
analysis of the pointing errors that shows that these arose either at an eye-centered stage, 
or at a hand-centered stage, or both, but not at a body-centered stage. Under the assump-
tion that a common reference frame is required to specify a movement vector, we suggest 
that an eye-centered integration mechanism best explains our results. 
Th e subsequent chapters deal with a thorough investigation of the planning process at 
the neural level, using fMRI. In Chapter 3, we used an fMRI-compatible variant of the 
paradigm by Hoshi and Tanji (2000), as described above, to examine the regions that 
integrate spatial and eff ector signals. We show that the posterior parietal cortex and the 
dorsal premotor cortex are most selectively activated during this integration process, 
consistent with the results from physiological studies in non-human primates. 
In Chapter 4, we compare reach planning to saccade planning, using the same sequential 
instruction paradigm as in Chapter 3. Here we show that the degree of eff ector specifi city 
is limited in many human cortical areas, transitioning gradually from saccade to reach 
preference when following the hierarchy of areas in the occipital, parietal and frontal 
cortices. 
Finally, Chapter 5 examines the reference frames for reach planning in the human brain, 
along the lines of the paradigm behaviorally tested in Chapter 2. Th e results described in 
this chapter show both gaze-centered integration eff ects in dorsal premotor areas and the 
left posterior parietal cortex and body-centered hand position eff ects in regions closer to 
the primary motor cortex, likely related to the implementation of a joint-based motor 
command. 
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2.1 Introduction
To plan and prepare a reaching movement, information about the position of the target 
and information about the current position of the hand and arm must be integrated 
before a motor program can be formulated that brings the hand toward the target. One 
inherent complexity here is how the diff erence vector between the position of the hand 
and the position of the target can be computed (Bullock and Grossberg 1988; Caminiti 
et al. 1998; Shadmehr and Wise 2005). Th is complication arises because, in the respec-
tive early sensory areas, the position of the target and the position of the hand are coded 
in diff erent frames of reference. For example, if the hand is not visible, its position must 
be derived through proprioception (Berkinblit et al. 1995). It is known that propriocep-
tive information about the position of the hand is somatotopically encoded along the 
posterior bank of the postcentral gyrus, as relative joint angles (Gardner and Costanzo 
1981). When combined with information about the lengths of the various limb seg-
ments, the position of the hand in body-coordinates can be computed. In contrast, there 
is good evidence that target location is coded in eye-centered coordinates in the early 
stages of movement planning, for instance in the posterior parietal cortex (Batista et al. 
1999; Medendorp et al. 2003; Prado et al. 2005). How then can the diff erence vector be 
computed, given that the target location is coded in eye-coordinates and the hand posi-
tion encoded in body-coordinates?
Conceivably, this vector can only be computed if the locations of both target and hand are 
presented in the same coordinate frame (Andersen and Buneo 2002; Buneo et al. 2002; 
Flanders et al. 1992). One scheme (see Figure 2.1A) suggests that visual target locations 
are fi rst transformed from eye-centered coordinates to body-centered coordinates using 
sensory signals about the linkage geometry (Carrozzo et al. 1999; Flanders et al. 1992; 
McIntyre et al. 1997). Subsequently, this body-centered target representation can be 
integrated with the body-centered location of the hand to compute the location of the 
target relative to the hand (Ghilardi et al. 1995; Gordon et al. 1994; Vindras et al. 2005). 
Hence, this scheme entails a computation of the diff erence vector in body-coordinates.
Th e second scheme (Figure 2.1B) proposes that the target-hand comparison – the com-
putation of the diff erence vector – is done at an earlier stage of visuomotor processing, 
in eye-centered coordinates.  Buneo et al. (2002) found neurophysiological evidence for 
this hypothesis in area 5, a somatomotor cortical area within the monkey posterior pari-
etal cortex (PPC). Recently, Medendorp et al. (2005) found evidence for this scheme in 
the human PPC. Basically, this scheme implies that initial hand position, as derived from 
proprioceptive information, is transformed ‘backwards’ into eye-coordinates, using eye 
position and other extraretinal signals. Th us, this scheme implies a computation of the 
diff erence vector in eye-coordinates (Buneo et al. 2002; Crawford et al. 2004). 
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It is not known if the two integration schemes are mutually exclusive, or whether they 
assist each other depending on sensory conditions. For example, it is possible that the 
eye-centered integration scheme is deployed only when both the target location and the 
current hand position are simultaneously visible when planning the movement, whereas 
the body-centered integration scheme may be preferred when hand position must be 
derived from proprioceptive body-centered signals only (Andersen and Buneo 2002). 
Th e present study evaluates the two schemes with a behavioral paradigm, using the local-
ization errors that occur when subjects reach to remembered target locations from diff er-
ent initial hand positions and with gaze fi xed in various directions. 
Recent studies have shown that humans make localization errors when reaching towards 
remembered locations of retinally peripheral targets (Admiraal et al. 2003; Bock 1986; 
Henriques et al. 1998; Medendorp and Crawford 2002). Other studies have also shown 
an eff ect of initial hand position on the localization error during reaching (Bock and 
Arnold 1993; Brown et al. 2003; Gordon et al. 1994; Vindras et al. 1998, 2005). In this 
study we investigated both eff ects in combination to determine the frames of reference 
in which the errors arise. We tested whether the type of sensory information (visual/pro-
prioceptive) that is available about hand position (Carrozzo et al. 1999; Sober and Sabes 
2005) has an eff ect on the behavioral reference frames that are deployed. 
Figure 2.1. Two hypotheses on the sensorimotor transformation for reaching. A. Comparison of 
target and hand position in body-centered coordinates. In this scheme, a target location is trans-
formed from eye-centered to body-centered coordinates by accounting for the non-linear link-
age geometry between the retina and the body and then compared with a body-centered hand 
position. B. Comparison of target and hand location is done at an earlier stage, in eye-centered 
coordinates. This scheme requires an eye-centered hand location, as derived through vision or 
internal computations. The resulting eye-centered diff erence vector must be put through further 
transformations dealing with linkage geometry to arrive at a body-centered diff erence vector that 
ultimately drives the downstream dynamics of the arm.
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Our data showed that most errors arose either at an eye-centered stage, or at a hand-
centered stage, or both, but not at a body-centered stage. Within these frameworks, 
errors were reduced when visual information about hand location was provided before 
the reach. As a common reference frame is required to specify a movement vector, we 
will interpret these results as most suggestive of an eye-centered visuomotor integration 
scheme for the planning of human arm movements. 
2.2 Methods
2.2.1 Subjects
Fifteen subjects, aged between 19 and 35 years, gave their written informed consent to 
participate in the experiments. All subjects were right-handed, had normal or corrected-
to-normal visual acuity, and were free of any known sensory, perceptual, or motor disor-
ders. Subjects were tested in two diff erent task conditions as described in the following 
text. Ten subjects participated in the fi rst experiment; eight subjects performed the sec-
ond experiment. All movements were made using the extended right arm. Th ree subjects 
(the authors) were familiar with the purpose of the study. Th ey participated in both 
experiments. Th eir results were not diff erent from those of the other subjects. 
2.2.2 Experimental setup
Subjects were seated in complete darkness, with the head mechanically stabilized within 
a helmet construction, which was fi xed to the chair. Th ey were tested with their torso 
rotated 30° leftward with respect to a frontally placed horizontal stimulus array (see 
Figure 2.2A), so that the pointing targets were arranged around the center of the arm’s 
mechanical range. Th e head was oriented such that it faced the horizontal array of target 
LEDS, which was placed at eye level at a distance just beyond reach. Th is enabled the 
subjects to point close to the targets with their index fi ngertips, without touching them, 
in order to avoid any tactile feedback about the target location. Th e stimulus array con-
sisted of seven LEDs of 3 mm in diameter, separated at ~10° visual angle, with the center 
LED located at the central gaze direction. Each LED could be fl ashed in two diff erent 
colors, either as a green or a red light (luminance < 20 mcd/m2). During the experi-
ments, the subject’s hand never obscured the LEDs on the stimulus array.
Prior to the experiments, we measured the location of the eyes in space and the locations 
of the space-fi xed stimulus LEDs using an Optotrak 3020 system (Northern Digital 
Inc.). With this information, we were able to compute the direction of the stimulus LEDs 
with respect to the subject’s eyes. During the experiment, we continuously recorded the 
orientation of the upper arm and the location of the tip of the index fi nger. Optotrak 
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data were sampled at 125 Hz with an accuracy of better than 0.2 mm and were saved on 
a PC for offl  ine analysis. 
During the experiment, binocular eye movements were recorded at 250 Hz with an 
Eyelink II gazetracker (SR Research Ltd., Canada), which was mounted to the chair-
fi xed helmet. Prior to the experiment, the eye movements were calibrated by fi xating 
the stimulus LEDs three times each, in complete darkness. Th is resulted in a calibration 
accuracy better than 0.5°. Since the head and body stayed fi xed during the experiment, 
the orientation of the eyes within the head, as measured by the tracker, was equivalent 
to the orientation of the eyes in space (gaze). Rightward rotations were taken as positive. 
Two PCs in a master-slave arrangement controlled the experiment. Th e master PC was 
equipped with hardware for data acquisition of the Optotrak measurements and visual 
stimulus control. Th e slave PC contained the hardware and software from the Eyelink 
system. 
2.2.3 Experimental paradigm
Th e experiments were designed to test the eff ect of gaze direction and initial hand posi-
tion on the accuracy of pointing movements toward remembered locations. Using these 
quantitative data, we determined the frames of reference in which the pointing errors 
arose. We also tested whether visual feedback of initial hand position had an eff ect on the 
pattern of pointing errors. To this end, subjects were tested in two conditions, the Unseen 
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Figure 2.2. Experimental setup and paradigm. A. Subjects were seated with their torso rotated 
30° leftward with respect to a frontally placed horizontal stimulus array, consisting of seven 
bicolor (green or red) LEDs spaced at distances of 10°. H, initial hand position; F, the eyes’ fi xation 
point; T, target for movement. B. Schematic representation of the paradigm. Horizontal position 
of the eyes (dashed line) and the hand’s pointing direction (solid line) as a function of time. Boxes 
indicate the location and duration of the initial hand position (H, 0-2500 ms), fi xation (F, 2500-
4500 ms), and pointing target (T, 3500-4500 ms) lights. Note that, in the Seen Hand condition, 
visual feedback about the location of the tip of the index fi nger was provided until the start of the 
movement.
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Hand condition and the Seen Hand condition (Carrozzo et al. 1999). In the Unseen 
Hand condition, subjects could not see their hand during movement planning (i.e. when 
the target was presented) and execution. In the Seen Hand condition, visual feedback by 
means of a red LED on the tip of the index fi nger was provided from the beginning of 
the trial until the start of the movement. In other words, subjects simultaneously viewed 
the locations of the target and the hand before they executed the movement. 
Both conditions were tested on diff erent days using the same experimental paradigm, 
illustrated in detail in Figure 2.2. All trials began with the subject looking and pointing 
as accurately as possible to a green target, which was illuminated for a fi xed duration of 
2500 ms. Th is target could be any of the seven target locations on the stimulus array, 
and defi ned the initial position of the hand (H, Initial Hand Position). Next, a red light 
was illuminated for a fi xed time interval of 2000 ms, which we refer to as F (Fixation 
Point). Subjects were required to look at this light and fi xate it with maximum precision, 
while keeping their hand directed at H. At 1000 ms after the onset of F, another green 
target appeared for 1000 ms, which served as the pointing target (T). Th en both F and 
T were extinguished, instructing the subject to point at T, while still keeping gaze fi xed 
at the remembered location of F. Subjects were instructed to point as accurately as pos-
sible to the remembered target location, within a 2 second time interval. Th en the next 
trial started, with H at a diff erent location than the location of T in the preceding trial, 
in order to avoid any visual feedback about performance in the previous trial. Each trial 
lasted for 6.5 seconds.
During the experiment, we never tested trials in which the angular separation between 
either F and T, or H and T, or F and H was larger than 40°, for two reasons. First, such 
trials may be compromised by factors such as visual acuity and spatial resolution due to 
peripheral vision. Second, they would constitute a subset of trials too limited to incor-
porate in several of our analyses. Furthermore, we did not test for trials in which T=H 
since this implied no pointing response. For the remaining trials, combinations of H, F 
and T were presented pseudo-randomly. Together, this led to 204 diff erent types of trials 
in the experiment, for both the Seen Hand and the Unseen Hand condition. Subjects 
performed blocks of 6 or 7 consecutive trials, between which a brief rest was provided. 
All pointing movements were made with the extended right arm in complete absence 
of any visual cues. Subjects never received feedback about their performance. Before the 
actual measurements, subjects practiced a few blocks to become familiar with the task. 
At the end of each experiment, subjects performed four pointing movements to each 
of the continuously illuminated targets with the room lights on in order to estimate 
the fi ngertip positions corresponding to pointing to their actual locations. Th is control 
also corrected for the slight off set of the marker position with respect to the fi ngertip. 
Pointing errors in the main experiments (described above) were expressed relative to this 
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location. For each condition (Seen Hand / Unseen Hand), the total experiment lasted 
for about 50 minutes.
2.2.4 Data analysis
Data were analyzed using Matlab software (Th e Mathworks). In the experiments, the 
torso and head were always fi xed, so the head-, body- and space-centered frames can 
be treated as equivalent (space=body=head). Pointing responses were converted into a 
degree scale by taking the polar angle of the fi ngertip position relative to the center of 
the two eyes in the horizontal plane. Final pointing positions of each movement were 
selected visually at the time point for which the arm had the greatest degree of stability 
within the 2 second pointing interval, under the requirement that the arm had correctly 
followed the instructions of the paradigm. A mean position was computed over an 11 
sample interval (44 ms) centered at this time point. Pointing errors for a given target 
were computed as the displacement of the fi ngertip positions relative to the mean control 
response for that target. We excluded trials in which subjects did not maintain fi xation 
within a 4° interval around F. Overall, typically 10 ± 8 trials (~5%) were discarded based 
on the arm and eye movement criteria. For the remaining trials, eye fi xation accuracy was 
1.7° ± 2.2°. Spatial accuracy of the hand at the initial position was slightly higher for the 
Seen Hand compared to the Unseen Hand condition: 0.5° vs. 1.5°, respectively. 
In a further analysis, the pointing error was investigated for each of the seven body-fi xed 
target locations – irrespective of eye or initial hand position – to test for diff erences 
between the Seen and Unseen Hand condition. Using a multiple linear regression, we 
quantifi ed the consistent changes in the error as a function of target location, the eyes’ 
fi xation position, and initial hand position relative to the body. Based on the regres-
sion coeffi  cients, we determined the relative contribution of each of these factors to 
the pointing error in order to identify the reference frames in which the errors arose 
(see Scherberger et al. 2003 for a similar analysis). For example, if the pointing error 
is induced in a body-centered frame of reference, there should be no contribution of 
either eye position or initial hand position to the pointing error. In contrast, if errors 
are introduced in an eye-centered or hand-centered stage, signifi cant contributions of 
these factors could be expected. In a further analysis of the reference frames underlying 
visuomotor integration, we made a trial-by-trial comparison of the pointing error. More 
specifi cally, we compared the errors in two trials that had either the same respective loca-
tions of the target and hand in eye-coordinates, and not in body-coordinates, or identical 
locations of the target and hand in body-coordinates but not in eye-coordinates. Using 
this pair-wise comparison, we analyzed the data of all possible combinations of trials in 
either the eye- or body-centered context. A correlation measure was used to test how well 
these reference frames could account for the data. Statistical tests were performed at the 
0.05 level (P < 0.05). 
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2.3 Results
2.3.1 Final pointing positions
In this study, we analyzed the errors of human pointing movements to targets at seven 
diff erent locations relative to the body, executed using various initial hand positions and 
with gaze fi xed at various directions. To start the description of the results, Figure 2.3 
A and B show the distribution of the fi nal pointing positions pooled across subjects for 
each of the seven target locations, irrespective of initial hand position or gaze direction. 
Panel A presents the histograms for the condition in which the hand was unseen dur-
ing the planning stage (Unseen Hand condition); panel B plots the distributions when 
such visual feedback was provided (Seen Hand condition). Pointing positions seem fairly 
normally distributed around each target location, with the width of the distribution 
representing a measure for the size of the pointing errors. Statistical analysis revealed no 
signifi cant deviation from normality in 11 of the 14 distributions (Lilliefors test, P > 
0.05). Furthermore, averaged across the seven target locations, subjects have a tendency 
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Figure 2.3. Distribution of the horizontal fi nal pointing positions for each of the seven body-fi xed 
target locations in the Unseen Hand condition (A) and the Seen Hand condition (B), using pooled 
data of all subjects. Ideal target locations, relative to the body, are indicated by dashed vertical 
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to be closer to the veridical position for the Seen Hand condition than for the Unseen 
Hand condition (paired t-test, P = 0.06). It also appears that the distributions are nar-
rower for the Seen Hand condition. Figure 2.3C confi rms this observation by showing 
that the width of distributions (represented by their standard deviations) is signifi cantly 
smaller for the Seen Hand than the Unseen Hand condition across the seven target 
locations (paired t-test, P < 0.05). Th us, visual information about current hand position 
provided at the planning stage generally leads to greater accuracy and less variability of 
the pointing movements. 
Th e question is how much of the variance in the pointing positions can be attributed 
to the diff erent positions of the eyes and hand when planning the movements, and how 
much is related to the position of the target relative to the body. We will fi rst address this 
question with an analysis of the Unseen Hand condition. 
2.3.2 Unseen Hand condition
Figure 2.4 shows the systematic pointing error for the seven body-fi xed target locations, 
averaged across all subjects, as a function of eye position. Th e most important observa-
tion is that subjects pointed left from the central target (0°) when they looked to the right 
and made rightward pointing errors when they gazed to the left. Subjects pointed more 
correctly when the target was presented on the fovea. Furthermore, separate response 
curves for each pointing target can be observed, which are shifted relative to each other, 
depending on fi xation direction. For example, the pointing error that occurs for a cen-
tral target when gaze is deviated 10° to the right is about the same as the error for the 
pointing target at 20° with gaze directed 30° to the right. Th is suggests that the pointing 
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Figure 2.4. Eye position eff ects. A. Systematic pointing error, averaged across subjects, plotted 
as a function of eye position (i.e. eye-in-head = eye-in-body position) for each of the seven body-
fi xed target locations in the Unseen Hand condition. B. The data in A plotted as a function of gaze 
displacement relative to the target (i.e., negative retinal displacement), resulting in virtually one 
response curve for all seven body-fi xed target locations.
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errors, as observed for these various body-fi xed targets, depend on the gaze displace-
ment relative to the targets rather than on fi nal gaze direction per se. To confi rm this, 
Figure 2.4B plots the pointing errors as a function of gaze relative to the target, which 
indeed rearranges the data into virtually a single response curve for all seven body-fi xed 
target locations. Th is observation is not uncommon or new: these pointing characteris-
tics have been reported by various previous studies (Bock 1986; Henriques et al. 1998; 
Medendorp and Crawford 2002; Poljac and Van den Berg 2003). 
It is important to realize that, in the above analysis, the initial position of the point-
ing hand was not taken into account. Hence, the amplitude of the required movement 
was variable. So, would the observation of a single response curve in Figure 2.4B then 
imply that pointing accuracy is primarily related to the position of the stimulus relative 
to the eyes, without any eff ect of initial hand position? We tested this in more detail by 
investigating the eff ect of initial hand position on the pointing errors, regardless of the 
eyes’ gaze direction. Th e results of this analysis, averaged across all subjects, are shown 
in Figure 2.5. Th e top panel (Figure 2.5A) plots the pointing error as a function of ini-
tial hand location. Again, there are separate response curves for the various body-fi xed 
targets, as in Figure 2.4. Note that the discontinuities in the curves here are due to the 
task restriction that initial hand position could not be the same as the target position. As 
the data show, in this case the observed response curves are not fl at either, but entail a 
substantial eff ect of initial hand position (or movement amplitude). In Figure 2.5B, we 
have plotted the data as a function of hand displacement relative to the target. 
Again, the data points collapse into a similar error pattern for all targets, which clearly 
indicates that the location of the target relative to the hand has an eff ect on the pointing 
error, with larger hand displacements leading to greater errors. If the hand is initially to 
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Figure 2.5. Eff ects of hand position. A. Systematic pointing error, averaged across subjects, plot-
ted as a function of hand position (i.e. hand-re-body position) for each of the seven body-fi xed 
target locations in the Unseen Hand condition. B. The data in A plotted as a function of hand 
displacement relative to the target, resulting in virtually one response curve for all seven body-
fi xed target locations.
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the left of the memorized target, subjects overshoot the target to the right, and vice versa. 
Th us the data in Figure 2.5B clearly show that the location of the target relative the hand 
has a systematic eff ect on the pointing error, confi rming observations made by others 
(Gordon et al. 1994; Vindras et al. 1998, 2005).
So far, we have looked at the eff ects of initial hand position and gaze direction separately. 
An inherent problem with this analysis is that it assumes that pointing behavior depends 
on one of these factors more than the other, whereas in reality a combination of both 
eff ects may dominate. Th erefore, in the following analysis, we further quantifi ed the 
pointing data of the Unseen Hand condition by performing a multiple linear regression 
to investigate how the pointing error relates to either of these factors. Th is approach will 
also enable us to disentangle the reference frame (eye, hand, body) that describes the data 
most parsimoniously. A similar method was used in a previous study on reference frames 
for target selection (Scherberger et al. 2003). We fi tted the following equation:
Err = a O + aTB*TB + a EP*EP + a HP*HP (1)
to the data of each subject, with TB the location of the target in body-coordinates, EP 
the fi xation direction of the eyes (eye position) relative to the body and HP the initial 
position of the hand in body-coordinates. In this analysis, we only incorporated those tri-
als in which the location of the target relative to the eyes was  ≤ 30°, in order to eliminate 
some of the non-linearity of the response curves shown in Figure 2.4B. 
Table 2.1 lists the parameters of these fi ts, for each subject separately. For all subjects, 
we found signifi cant correlations, 0.44 < r < 0.84 (P < 0.001 for all subjects), indicating 
a signifi cant linear relationship. Parameter aO, which quantifi es the bias in the pointing 
error, was small and on average (-0.41 ± 0.81, mean ± SD) not signifi cantly diff erent 
from zero (t-test, P=0.15). Coeffi  cient aTB specifi es the linear dependence of the point-
ing error on the location of the target relative to the body, while parameters aEP and aHP 
specify the linear relationship of the pointing error with eye position and hand position 
relative to the body, respectively. If the target were encoded in a body-centered frame 
of reference, there would be no infl uence of either eye position or initial hand position 
on the pointing error, hence aEP = aHP = 0. Next, suppose if the target were encoded in 
an eye-centered frame of reference, which in the present 1-D study is obtained by sub-
tracting eye position relative to the body (EP) from target position relative to the body 
(TB). In relation to Equation (1), it means that the eff ect of hand position would be 
zero, thus aHP = 0, and that eye position would matter only with regard to the target, Err 
= aO + aTB*(TB – EP), hence aEP = - aTB. Following the same reasoning, we can analyze 
the results of Equation (1) for the coding of the location of a target in a hand-centered 
frame, expressed as (TB – HP). In terms of Equation (1), the eff ect of eye position could 
be supposed zero, aEP = 0, and hand position would matter only with respect to the tar-
get, thus Err = aO + aTB*(TB – HP) and hence aHP = - aTB. To recapitulate, if errors arose 
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exclusively in a body-centered frame: aEP = aHP = 0, in an eye-centered frame: aEP = - aTB, 
and in a hand-centered frame: aHP = - aTB.
To illustrate where the data fall with regard to the predictions of these three reference 
frames, we have plotted -aHP / aTB versus -aEP / aTB in a planar plot (Figure 2.6). Th e vari-
ous frames of reference can then be assigned three ideal points: body-centered coding 
(0,0), eye-centered coding (1,0) and hand-centered coding (0,1). Th us, this fi gure allows 
visualizing a complete continuum of representation: eye-, hand- and body-coordinates. 
As Figure 2.6 shows, there is little evidence for body-centered target coding, with the 
data of nine out of ten subjects in the other zones. In other words, the data are best char-
acterized by a mixture of eye- and hand-centered reference frames, with a specifi c bias for 
some subjects to either of these frames.
If body-centered coding would play no role, the errors can be exclusively described by a 
combination of the target relative to the eyes and the target relative to the hand. In this 
case, 
Err = -a EP *( TB – EP) – a HP*( TB – HP) (2)
Relating this back to Equation (1), it follows that  
aTB = -a EP -  a HP (3)
Table 2.1. Fitting Equation (1), Err = aO + aTB*TB + aEP*EP + aHP*HP, to the data of each subject in 
the Unseen Hand condition, with TB the location of the target in body-coordinates, EP the fi xation 
direction of the eyes relative to the body and HP the initial position of the hand in body-coordinates. 
Behind each value its confi dence interval (SD) is given in parentheses. r: Correlation coeffi  cient of 
the fi t.
subject aO aTB aEP aHP r
S1 -1.790 (0.221) 0.061 (0.015) 0.011 (0.014) -0.061 (0.013) 0.44
S2 -0.856 (0.267) 0.123 (0.018) -0.126 (0.018) 0.030 (0.016) 0.59
S3 -0.522 (0.218) 0.057 (0.015) -0.069 (0.014) 0.004 (0.013) 0.41
S4 0.121 (0.175) 0.138 (0.012) -0.092 (0.011) -0.045 (0.011) 0.73
S5 0.521 (0.278) 0.243 (0.019) -0.080 (0.019) -0.173 (0.016) 0.83
S6 0.219 (0.165) 0.095 (0.012) -0.073 (0.011) -0.055 (0.010) 0.64
S7 -1.608 (0.248) 0.118 (0.017) -0.116 (0.017) -0.132 (0.015) 0.74
S8 -0.544 (0.204) 0.107 (0.013) -0.030 (0.014) -0.052 (0.012) 0.66
S9 0.091 (0.210) 0.127 (0.015) -0.129 (0.014) -0.017 (0.013) 0.67
S10 0.309 (0.295) 0.083 (0.021) -0.067 (0.020) -0.029 (0.017) 0.46
MEAN -0.406 (0.808) 0.115 (0.053) -0.077 (0.043) -0.053 (0.060)
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Equation (3) can also be written as (-aHP/aTB) = 1 – (-aEP/ aTB), as  visualized by the orange 
line in Figure 2.6. In other words, we could expect the data points in Figure 2.6 to scatter 
around the line through the ideal (0,1) and (1,0) points. Indeed, this seems to be the case 
for virtually all data points. Statistical analysis across subjects also confi rmed the validity 
of Equation (3), showing that the sum of aTB, aEP, and aHP is not signifi cantly diff erent 
from zero (paired t-test, P=0.32). Th us, the errors observed here seem not to arise in a 
body-centered reference frame. 
Can these data be interpreted within the visuomotor schemes outlined in the introduc-
tion? According to the body-centered integration scheme (Figure 2.1A), the position 
of the target relative to the hand is computed by fi rst transforming the position of the 
target from eye- to body-centered coordinates and then subtracting the body-centered 
position of the hand. Within this scheme, the present results suggest that the point-
ing errors arose either at the early stage (when the target is computed in eye-centered 
coordinates) or at the fi nal stage (when the target is coded in hand-coordinates), but 
not at any of the intermediate body-centered stages of this scheme. In other words, the 
results of Figure 2.6 can be interpreted in accordance with a body-centered integration 
scheme by suggesting that the integration process itself is fl awless, and distortions arise 
in the perception of the target and/or during the translation of a body-centered diff er-
ence vector into joint angles. Although this is perhaps a tenable interpretation, also in 
theoretical terms, fl awless integration may not likely be true given the extensive internal 
computations that are involved. In other words, it seems remarkable not to fi nd at least 
some of the data in Figure 2.6 in the body-centered zone if the body-centered model 
were correct. In this respect, the eye-centered scheme (Figure 2.1B), which suggests that 
target and hand position are integrated in eye-centered coordinates, seems more directly 
compatible with the data. 
Before we proceed further, recall that the reference frame analysis of Figure 2.6 was based 
on the assumption of linearity. To make this possible, we even removed the nonlinear 
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Figure 2.6. Characterization of reference frames 
using the coeffi  cients of the fi t of Equation (1): Err 
= aO + aTB*TB + aEP*EP + aHP*HP. Abscissa: coef-
fi cient ratio –aEP / aTB , ordinate: -aHP / aTB. Dashed 
gray lines indicate nearest neighbor regions around 
the points (0,0), (1,0), and (0,1) that indicate a 
body-centered, eye-centered, and hand-centered 
reference frame, respectively. Virtually no data 
points can be observed in the body-centered zone. 
Data spreads along the black line, which depicts a 
graphical representation of Equation (3): aTB = -aEP 
- aHP.
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portion of the response from the data, as shown by Figure 2.4. So it can be asked whether 
the same results could be observed without these assumptions and simplifi cations. To test 
this, we performed the following analysis. We compared the errors of two movements 
taken from diff erent experimental conditions that were identical as specifi ed in eye-coor-
dinates, but diff erent in body-coordinates, and vice versa. Under the assumption that the 
target-hand integration is an error-prone process, a further idea behind this test is that 
the coordinate frame that is naturally deployed in this process would predict the same 
pointing error for two movements of corresponding trials (Buneo et al. 2002). Using a 
pair-wise comparison, we analyzed all possible combinations of trials contained in our 
dataset, in relation to the reference frame under investigation. More specifi cally, the eye-
centered integration scheme (Figure 2.1B) entails identical errors for trials that have the 
same locations of both target and hand relative to the eyes (as exemplifi ed by the inset 
in Figure 2.7B). In the present 1-D horizontal case, this is the same as requiring that the 
errors of two movements to the same target location in eye and hand coordinates will be 
identical (due to co-linearity aspects in 1-D). In contrast, the body-centered integration 
scheme (Figure 2.1A) requires identical pointing errors for trials with the same locations 
of target and hand in body-coordinates (see the inset in Figure 2.7A), which is the same 
as comparing two movements to the same target location in hand and body coordinates. 
Th e resulting scatter plots are shown in Figure 2.7A and B, for one subject.
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Figure 2.7. Testing the reference frame for hand-target comparison in the Unseen Hand con-
dition. A, B. Scatterplots of pointing errors for movements performed with identical target and 
hand position in body-coordinates (A) or in eye-coordinates (B) in one typical subject. Each data 
point represents the errors for a pair of movements taken from diff erent experimental conditions 
(exemplifi ed by cartoons on top). Errors were randomly assigned to the horizontal and vertical 
axis. C. Correlation coeffi  cient for eye-centered comparison versus body-centered comparison for 
all subjects. The eye-centered model made the best description for the data of eight out of ten 
subjects.
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As shown, the eye-centered integration scheme revealed a low degree of scatter (a high 
correlation), whereas the body-centered integration model gave a poor fi t (a low correla-
tion). In other words, this subject’s data were best described by the eye-centered integra-
tion scheme, when target and hand locations were identical in eye-coordinates (z=4.8, 
P < 0.001 using Fisher z-transformation for comparing correlations). Th e mean results 
of all subjects are given in Figure 2.7C, for both the eye- and body-centered integration 
scheme. Statistical analysis revealed that the errors of two trials were more similar for 
identical movements in eye-coordinates than for identical movements in body-coordi-
nates (paired t-test, P < 0.01 using Fisher z-transformed correlation coeffi  cients). Within 
individual subjects, the eye-centered integration scheme produced the best description 
for eight out of ten subjects. 
2.3.3 Seen Hand condition
Th e results of the Unseen Hand condition indicate that the pointing errors can be well-
described as a function of either the eye-centered or hand-centered location of the target, 
or both. Errors are better accounted for by these frameworks than by a body-centered 
coding scheme. If these results are to be explained within the eye-centered integration 
scheme (Figure 2.1B), they imply that the putative proprioceptive hand location signals 
are transformed into eye-centered coordinates in this condition. Since it is unlikely that 
this transformation operates fl awlessly, it can be expected to add noise to the system. 
Accordingly, the neural computations for eye-centered hand-target integration may be 
more accurate if this transformation is bypassed or assisted by providing visual informa-
tion about initial hand position at the moment a movement plan is being constructed 
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Figure 2.8. Error analysis of the Seen Hand condition. A, B. Systematic pointing errors as a func-
tion of eye displacement (A) and hand displacement (B) relative to the target.  Panel A shows a 
similar pattern as for the Unseen Hand condition (see Figure 4B); the nearly fl at curves in panel B 
suggest a minimal eff ect of initial hand position C. Correlation coeffi  cient for eye-centered inte-
gration versus body-centered integration for all subjects, as in Figure 7C. The data points of all 
subjects but one were best described by an eye-centered integration model.
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(Rossetti et al. 1994). Th e results for the Seen Hand condition, depicted in Figure 2.3B, 
already provide justifi cation for this idea by showing smaller distributions of pointing 
errors compared to the Unseen Hand condition. 
Figure 2.8 illustrates the pointing errors averaged across all subjects for the Seen Hand 
condition. Notably, in comparison with Figures 2.4B and 2.5B, the pointing errors are 
substantially smaller. Th e pattern of errors in panel A, presenting the pointing error as a 
function of eye orientation relative to the target, is similar to the pattern observed for the 
Unseen Hand condition. In contrast, the eff ect of initial hand position is almost absent, 
as indicated by the nearly fl at curves in panel B. Th us, indeed, providing visual feedback 
of initial hand position during the planning process assists the target-hand integration 
process by making it more accurate and precise. 
As above, we fi tted a linear model, Equation (1), to these data in order to characterize 
the reference frames involved in more detail. Th is fi t revealed signifi cant correlations for 
each subject (0.35 < r < 0.79, P < 0.001). Table 2.2 displays the best-fi t parameters of 
each subject. Th e bias in the pointing error (aO = -0.48 ± 0.16) was not signifi cantly dif-
ferent from the value found in the Unseen Hand condition (t-test, P = 0.84). Similarly, 
the value of the coeffi  cient specifying the eff ect of eye position (aEP) was not signifi cantly 
diff erent between the two conditions (t-test, P = 0.14). In contrast, the Seen Hand con-
dition yielded diff erent values for fi t parameters aTB and aHP than the Unseen Hand 
condition (t-test, P < 0.05 for both parameters). Averaged across subjects, coeffi  cient aHP 
was not signifi cantly diff erent from zero in the Seen Hand condition (t-test, P = 0.60), 
implying no signifi cant eff ect of initial hand position on the pointing error. Importantly, 
we also confi rmed the validity of Equation (3) (paired t-test, P = 0.43) for the Seen Hand 
Table 2.2. Best-fi t parameters (and SD) of Equation (1) fi t to the data of each subject in the Seen 
Hand condition. r: Correlation coeffi  cient of the fi t.
subject aO aTB aEP aHP r
S1 -0.345 (0.137) 0.038 (0.009) -0.068 (0.009) 0.013 (0.008) 0.51
S2 -0.992 (0.139) 0.032 (0.009) -0.034 (0.010) 0.027 (0.008) 0.40
S3 -0.608 (0.162) 0.108 (0.011) -0.085 (0.011) 0.010 (0.009) 0.63
S4 -0.877 (0.160) 0.046 (0.010) -0.033 (0.011) 0.018 (0.009) 0.35
S5 -0.594 (0.134) 0.030 (0.009) -0.053 (0.009) -0.045 (0.008) 0.58
S6  0.980 (0.193) -0.184 (0.013) 0.134 (0.013) 0.070 (0.011) 0.79
S7 -0.216 (0.192) 0.105 (0.013) -0.074 (0.013) -0.014 (0.011) 0.57
S8 -1.184 (0.153) 0.051 (0.010) -0.064 (0.010) -0.023 (0.009) 0.50
MEAN -0.480 (0.672) 0.028 (0.091) -0.035 (0.071) 0.007 (0.035)
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condition, indicating the absence of body-centered eff ects, which is in correspondence 
with the results of the Unseen Hand condition.
For completeness, we also performed a pair-wise error analysis for the two transforma-
tion schemes, like in Figure 2.7C. As expected, the results of this analysis, depicted in 
Figure 2.8C, confi rm that predictions of the eye-centered scheme match the data more 
closely than those of the body-centered integration scheme (paired t-test, P < 0.05, using 
Fisher z-transformed correlation coeffi  cients). 
2.4 Discussion
Th e main purpose of this study was to gain insight into the behavioral reference frames 
used when humans plan and execute a reaching movement. In particular, we focused 
on the question of how information about the position of the target and information 
about the current position of the hand is integrated into a motor program for a reaching 
movement. To investigate this, we examined the errors of human reaching movements 
to memorized targets located at seven diff erent locations relative to the body. Subjects 
planned and executed these movements with gaze fi xed at various directions and with 
the hand at various initial positions. Our results showed that both initial hand position 
and gaze direction had a signifi cant eff ect on the magnitude and direction of the point-
ing error. We also found that the condition in which hand and target position were 
simultaneously visible before movement onset (Seen Hand condition) resulted in smaller 
errors than the condition in which hand position had to be derived on the basis of prop-
rioceptive information only (Unseen Hand condition). Using a multidimensional linear 
fi t to the data, we found that pointing errors were well-described as a function of either 
the eye-centered or hand-centered location of the target, or by a combination of both. 
Importantly, the errors did not depend on the location of the target relative to the body. 
Th e fact that making the hand visible before the movement further reduced the errors, 
suggests that the unifi cation of target and hand positional information is implemented 
at an eye-centered level, as we will further argue below.
It is well known that subjects make consistent errors when asked to point to remem-
bered targets in space. Th ese errors were found to depend critically on visual feedback 
(Berkinblit et al. 1995), proprioceptive information (Hocherman 1993; Soechting and 
Flanders 1989a, b), eye orientation (Enright 1995; Henriques and Crawford 2002; 
Medendorp and Crawford 2002; Neggers and Bekkering 2000), initial hand position 
(Gordon et al. 1994; Sainburg et al. 2003; Vindras et al. 1998, 2005) and delay between 
target off set and pointing (McIntyre et al. 1998). It has also been shown that vision of 
the hand prior to movement initiation improves the accuracy of the movements per-
formed (Carrozzo et al. 1999; Desmurget et al. 1997; Prablanc et al. 1979; Rossetti et al. 
1994; Vindras et al. 1998). Th e present results are in good agreement with most of these 
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previous studies as far as the experimental manipulations were similar. But to what extent 
do these errors tell us something about the internal mechanism for movement planning?
Various pointing studies have interpreted the error distributions in relation to the frames 
of reference used by the brain to specify the endpoint. As a result, evidence has been 
provided for an endpoint coded in shoulder-centered coordinates (Flanders et al. 1992; 
McIntyre et al. 1998; Soechting and Flanders 1989a, b; Van den Dobbelsteen et al. 
2001), hand-centered coordinates (Gordon et al. 1994; Sainburg et al. 2003; Vindras 
et al. 2005), eye-centered coordinates (Henriques et al. 1998; McIntyre et al. 1997; 
Medendorp and Crawford 2002; Vetter et al. 1999), and even multiple frames of refer-
ence (Heuer and Sangals 1998; Lemay and Stelmach 2005; McIntyre et al. 1998). Lemay 
and Stelmach (2005) argued that the direction of a movement is coded in a frame linked 
to the arm whereas amplitude of the movements is remembered in an eye-centered frame 
of reference. Also, McIntyre et al. (1998) argued for the separate storage of distance and 
direction information within short-term memory, in a reference frame tied to the eyes 
and the eff ector arm. Likewise, the present results could also be seen as evidence for 
two simultaneously used frames: an eye-centered frame and a hand-centered frame. In 
other words, our results are in accordance with these studies showing that more than one 
frame of reference is used to memorize a target location. While this explanation would 
be compatible with our data, another interpretation may be equally valid, using the fol-
lowing reasoning.
Th e novelty of the present study in relation to previous studies is the combined manipu-
lation of target direction, gaze direction and initial hand position when planning and 
executing a reaching movement. Th is crucial manipulation revealed an error pattern that 
allows us to put forward the following explanation of how the brain plans a reaching 
movement. First, the fi nding that the pointing errors depend on initial hand location 
(see Figure 2.5) suggests that the brain does not specify a movement in terms of a fi nal 
position (Desmurget and Prablanc 1997; Van den Dobbelsteen et al. 2001) but rather 
in terms of a vector (Gordon et al. 1994; Vindras et al. 1998, 2005). Conceivably, this 
means that target and hand locations must be expressed in a common reference frame 
in order to compute this vector. Our eye position variations allowed us to distinguish 
between an eye-centered and a body-centered frame involved in this computation. We 
found that two movements had similar pointing errors if target and hand locations were 
the same in eye-coordinates, but not if they were identical in body-coordinates (see 
Figures 2.6 and 2.7). Th is result was found when hand and target were simultaneously 
visible at the planning phase, but also held when the hand could not be seen during the 
planning of the movement. Th erefore, we can explain our results most parsimoniously 
by stating the brain computes a diff erence vector in eye-centered coordinates. Put diff er-
ently, our results are supportive of the view that target and hand location are integrated 
in eye-centered coordinates when planning a reaching movement. 
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Th us, instead of arguing that a target location is memorized in multiple frames of refer-
ence, a theoretically equally valid and perhaps biologically more plausible interpretation 
(see below) is that the brain computes a movement vector in eye-centered coordinates. 
One consequence of these results is that hand position must be encoded in eye-centered 
coordinates at the initial stage of movement planning. While this may be seen as a trivial 
computation when the hand is visible, for an unseen hand it means that its propriocep-
tively derived body-centered position must be transformed backwards into eye-coordi-
nates. Th is inverse computation requires a correct incorporation of the body geometry, 
including information about the current orientation of the eyes, head and shoulder, as 
well as stored data about the geometry of the bones and muscles in the linkage from the 
eyeball to the pointing hand (Henriques and Crawford 2002).
It is important to point out that the results of the regression analysis (Equation 1 to 
3) are also consistent with the idea of an eye-centered hand-to-target diff erence vec-
tor. As this analysis showed, the fi nal pointing response in body coordinates (P) can be 
described as P = TB + Err = (1 – aEP – aHP )*TB + aEP*EP + aHP*HP. Th ese results can 
be rephrased within an eye-centered integration scheme, as shown in Figure 2.9. As the 
fi gure demonstrates, the integration term (ΔP) can be expressed as  ΔP = TB + Err – HP 
= -wH*(HP – EP) + wT*(TB – EP), with the fi rst term of the right-hand side represent-
ing the hand position in eye-coordinates and the second term an expression of the target 
position in eye-centered coordinates. Simple calculus then shows for their gain factors: 
wH = 1 – aHP and wT = 1 – aEP – aHP. In other words, this suggests that the systematic 
errors as observed in the present study can be explained by simple gain factors in the two 
respective pathways coding target and hand position in eye-centered reference frames. 
It is then also a simple matter to understand that direct visual feedback of initial hand 
position will improve movement accuracy by bringing the value of wH closer to unity. 
Sober and Sabes (2003) have shown that a hand position estimate is determined by the 
relative weighting of both visual and proprioceptive information. Generally, vision is a 
more accurate sensory modality than proprioception and therefore has a greater eff ect 
on weighting. Moreover, in the perspective of this model, vision puts the hand posi-
tion directly in eye-coordinates, whereas a hand position based on proprioception needs 
an additional computation to be represented in these coordinates. Both factors likely 
explain the reduced errors in our Seen Hand condition. Strictly speaking, as we already 
mentioned in the Results section, we cannot claim that no body-centered integration 
scheme can be designed that accounts for the results of the regression analysis as well. 
For example, suppose that the distorted target location in eye-centered coordinates is 
fl awlessly transformed into body-coordinates and then fl awlessly compared with a body-
centered hand position, and the movement vector is disturbed to some degree. In such a 
scheme, the fi nal pointing response in body coordinates (P) can be described as P = TB + 
Err = wM *(wT *(TB – EP) + EP – HP) + HP, with gain factors wT = (1 – aEP – aHP)/(1 – 
aHP) and wM = 1 – aHP. But again, the fact that the provision of visual information about 
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hand location improves pointing accuracy is not very supportive of the motor-distortion 
explanation off ered by this model. We think that the collective results of both the Unseen 
and Seen Hand condition are much more suggestive of an eye-centered visuomotor inte-
gration scheme for the planning of reaching movements.
Why would the brain employ an eye-centered coordinate frame to compute a movement 
vector? One argument is that in natural daily behavior, our hands and the objects they 
manipulate are usually concurrently visible. Th is makes the use of direct visual coordi-
nates an effi  cient strategy to create contingency plans for multiple potential movements 
(Cisek and Kalaska 2005), rather than involving the additional processing needed to 
establish such plans in joint-based coordinates all the time. Likewise, this may also pro-
vide the brain with a useful means to directly compute and compare the costs of various 
possible movements (Medendorp et al. 2005). Furthermore, in most cases not only the 
hand moves to the target, but so do the eyes, and an eye-centered frame may simplify this 
coordination (Batista et al. 1999; Andersen and Buneo 2002). A fi nal reason for using an 
eye-centered coordinate frame is related to its high spatial resolution. When the eye fi x-
ates a target, the target is represented on a high-resolution scale (fovea-resolution) in an 
eye-centered coordinate frame. It appears that directing the eyes to an unseen hand when 
executing reaches improves endpoint accuracy (Newport et al. 2001), and this could 
be interpreted as the map of initial arm position being retinotopic, but represented less 
accurately for regions distant from the fovea. Resolution will deteriorate when informa-
tion is transformed into body-coordinates fi rst.
We emphasize that an eye-centered movement vector by itself can not drive the motor 
response. Ultimately, the brain needs to compute a joint-based movement plan for motor 
HP-EP
TB-EP
+
- P=TB+Err
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+
+
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Figure 2.9. Scheme suggesting how the pointing errors can be explained in terms of the eye-
centered integration model. The integration term (ΔP) can be expressed as ΔP = TB + Err – HP 
= - wH *(HP – EP) + wT *(TB – EP). Simple gain factors (wH  , wT) in the terms on the right-hand side, 
representing hand and target position in eye-coordinates respectively, could explain the system-
atic errors as observed in the present study. For simplicity the 1-D operations here are described by 
addition and subtraction. As such, eye-centered ΔP also equals body-centered ΔP (ΔP is frame-
independent in 1-D) and can be directly added to body-centered HP to obtain P. Beyond 1-D, how-
ever, rotational geometry must be described by multiplicative operations; ΔP is not frame-inde-
pendent, and an additional operation is required for the transformation into body-coordinates.
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execution. As such, the eye-centered movement vector must be put through further ref-
erence frame transformations in order to convert it into joint-based or muscle-based 
coordinates (see Figure 2.1B), requiring non-linear operations to deal with the complex, 
non-linear linkage structure between the retina and the movement eff ector (Crawford et 
al. 2004), perhaps implemented though simple gain fi eld mechanisms (Andersen et al. 
1985). In support of this, Sober and Sabes (2003, 2005) showed that a hand/arm posi-
tion estimate is required at two stages of motor planning: fi rst to determine the desired 
movement vector, and second to transform the movement vector into a joint-based 
motor command. Th eir results suggested that the position estimate used for movement 
vector planning relies mostly on visual input, whereas the estimate used to compute the 
joint-based motor command relies more on proprioceptive signals.
How should we interpret our fi ndings in terms of their computational and physiological 
signifi cance for the brain? Th e present results provide behavioral support for the eye-
centered visuomotor scheme of diff erence vector computation as suggested by Buneo et 
al. (2002). Th ese authors suggested that this kinematic comparison of hand and target 
information is performed at an early stage, in eye-centered coordinates, in dorsal area 5 
of the posterior parietal cortex. Th ey found neurons whose fi ring rate was identical for 
movements for which the locations of target and hand where the same in eye-coordinates 
(with respect to the fi xation point), but diff erent in body-coordinates (with respect to 
the torso). We arrived at the same scheme using a similar type of analysis of the pointing 
errors (see Figures 2.7 and 2.8), irrespective of whether the hand is seen or not seen dur-
ing reach planning. Th is suggests that the brain specifi es an eye-centered hand location, 
even if it is to be computed from proprioceptive feedback (Graziano et al. 2000). In 
further support of this, Battaglia-Mayer et al. (2000) have shown that cells in the parietal 
cortex modulate their activity depending on the location of the hand within the visual 
fi eld. Th e present results are also in agreement with our fMRI experiments on the human 
posterior parietal cortex, showing that eye-centered reach representations are modulated 
by the eff ector hand (Medendorp et al. 2003, 2005).
Without doubt, the PPC is not the only region involved in computing movement vec-
tors. For example, Stuphorn et al. (2000) have shown evidence for gaze-dependent, retin-
ocentrically organized signals for arm movements in superior colliculus. Also, frontal 
regions have been claimed to play crucial roles (Boussaoud 1995; Mushiake et al. 1997), 
which is not surprising given the extensive parieto-premotor and/or parieto-prefrontal 
connections (Wise et al. 1997). Indeed, using a paradigm in which information about 
the target and eff ector is presented sequentially, Hoshi and Tanji (2000, 2004a) found 
the dorsal-lateral prefrontal cortex and the dorsal premotor cortex (PMd) central to the 
process of integrating hand and target information for reach planning. It remains to be 
seen which of these regions, if any, have the signals at their disposal to ultimately imple-
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ment the transformation from an eye-centered hand-to-target diff erence vector into a 
limb-based motor command.
To conclude, the present study clearly showed that humans make errors when pointing 
to remembered target locations with gaze at diff erent directions and their arms starting 
from diff erent positions. Th e errors could be linked to an internal mechanism that inte-
grates target and eff ector information in an eye-centered reference frame, rather than a 
body-centered frame of reference. It remains a challenge to understand how and where 
the central computations for a sensorimotor transformation for reaching are imple-
mented by the brain. 
This chapter has been published as:
Beurze SM, de Lange FP, Toni I, and Medendorp WP. Integration of target and eff ector 
information in the human brain during reach planning. Journal of Neurophysiology 97: 
188-199, 2007. 
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3.1 Introduction
In the process of planning and preparing a reaching movement, the brain must integrate 
information about the location of the selected target with information about the eff ector 
selected for action (Buneo et al. 2002; Mascaro et al. 2003; Shadmehr and Wise 2005). 
Take, for example, the simple task of picking up a cup of coff ee. In this case, the brain 
must combine its internal representation of the location of the cup with its representa-
tion of the hand selected for use in order to formulate the reach plan that ultimately leads 
to the motor commands for control of the necessary muscles. It is generally accepted that 
this integrative action is accomplished through interactions between posterior parietal 
and premotor areas of the brain (Caminiti et al. 1998; Kalaska et al. 1997; Medendorp 
et al. 2005; Th oenissen et al. 2002; Wise et al. 1997). However, the precise role of the 
areas involved and exact nature of the computations along this parietofrontal network 
is a matter of ongoing debate (Andersen and Buneo 2002; Colby and Goldberg 1999; 
Medendorp et al. 2005; Th oenissen et al. 2002; Toni et al. 2001).
One way to assess how the coding of the spatial goal of the movement and of the eff ec-
tor to be employed interact is by using a paradigm where the two types of information 
are presented sequentially, in either order, and separated in time by a delay. Using such 
a paradigm, Hoshi, Tanji and co-workers have investigated the characteristics of the 
integration process for reach planning in the monkey frontal cortex. In some trials, the 
monkey was fi rst cued which hand to use (left or right) and then, after a delay, the target 
for movement (left or right from fi xation) was presented. In other trials, the instruction 
order was reversed. In a series of papers, they have described the specifi c involvement in 
this process of motor planning of the dorsolateral prefrontal cortex (dl-PFC) (Hoshi and 
Tanji 2004a), the dorsal (PMd) and ventral (PMv) premotor regions (Hoshi and Tanji 
2000, 2002, 2006), the motor areas on the medial wall, including the pre-supplementary 
and supplementary motor areas (pre-SMA and SMA) (Hoshi and Tanji 2004b) and 
the cingulate motor areas (CMA) (Hoshi et al. 2005). In particular, their results show 
that the neural networks interconnecting the pre-SMA, PMd, and dorsal dl-PFC play a 
central role in integrating the two sets of information, implicating these regions in the 
computation of a motor plan based on sensory signals.
Th e process of integrating information to plan forthcoming actions is not solely restricted 
to frontal regions, but has also been observed in monkey posterior parietal cortex, which 
is not surprising given their massive recursive connections (Wise et al. 1997). Calton et 
al. (2002) studied a cluster of neurons situated on the medial bank of the intraparietal 
sulcus in the monkey PPC, also termed the parietal reach region (PRR). In their design, 
the eff ector cue signaled either a saccade or a right-hand reach. Th ey reported that many 
PPR neurons can be activated by spatial information without an eff ector cue that speci-
fi es the motor plan, but also by the plan to use a specifi c eff ector in the absence of spatial 
target information. A subset of PRR neurons coded both instructions, suggesting that 
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this region seems active in sensorimotor control by selecting both the targets for action 
and the eff ectors to perform these actions (Snyder et al. 1997).
Th e aim of the present study was to investigate the process of target-arm integration 
for reach planning in humans by employing a similar two-stage instruction paradigm 
in rapid event-related fMRI. As far as we know, human reaching studies in fMRI have 
only examined the BOLD activation while both eff ector and spatial information were 
known. As such, numerous studies have reported activity along the dorsal parietal-fron-
tal network during the preparation and execution of simple fi nger pointing movements 
(Astafi ev et al. 2003; Connolly et al. 2000; DeSouza et al. 2000; Kertzman et al. 1997; 
Medendorp et al. 2005; Prado et al. 2005; Simon et al. 2004). Several studies have 
shown that some of the areas in this network are specifi cally more responsive for reaching 
than for making saccades and vice versa, thus acting in an eff ector-specifi c way (Astafi ev 
et al. 2003; Connolly et al. 2003; Medendorp et al. 2005). One of our objectives was to 
separate target- and eff ector-specfi c activity in the various regions that have been impli-
cated in human reach planning. Th is allows us to further specify the contributions of 
these regions to the visuomotor transformation for a reaching movement, while directly 
relating these fi ndings to the vast body of knowledge acquired in nonhuman primates.
In this study, subjects prepared either a left-hand or a right-hand reaching movement 
following two successive instruction cues, i.e. a target cue and an eff ector cue, given 
in random order. Each cue was followed by a random delay of less than fi ve seconds. 
Following a go-signal, the subjects executed the reach while maintaining central eye fi xa-
tion. Th us, subjects could only store the information about either the goal location or 
hand choice after the fi rst cue, while they were able to integrate the information for the 
reach plan after presentation of the second cue. Based on monkey and previous fMRI 
literature (Calvert et al. 2001; Meredith and Stein 1983), we hypothesized that regions 
that respond to the fi rst cue and subsequently increase their activity after the second cue 
are involved in integrating spatial and eff ector signals for planning human reaches. 
3.2 Methods
3.2.1 Subjects and ethics approval
Sixteen healthy, right-handed, subjects with normal or corrected-to-normal vision par-
ticipated in this study (10 male, 6 female, aged 22-37 years). All subjects gave their writ-
ten informed consent in accordance with the institutional guidelines of the local ethics 
committee (CMO Committee on Research Involving Human Subjects, region Arnhem-
Nijmegen, the Netherlands). One or two days before scanning, each subject received a 
practice session on the task using a mock set-up, to ensure that the task and paradigm 
were correctly understood. Also, a few monitored practice runs were performed inside 
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the scanner before the actual experiment began. Four subjects (the authors) were aware 
of the purpose of the experiment. No systematic diff erences were found between their 
results and those of the naive subjects.
3.2.2 Experimental setup
Subjects were positioned in the magnet with their torso and head tilted such that they 
viewed the targets in front of them without mirrors, in order to make the task as natu-
ral as possible. Th eir torso was tilted 30° relative to the bore’s main axis by means of a 
wooden support board that was placed on the scanner bed. Th e holder that contained the 
phased-array receiver head coil was fi rmly attached to the torso support. Within the head 
coil, the head and neck were tilted and stabilized with foam wedges and sandbags, such 
that the head was in a relatively comfortable position for viewing the targets. Subjects 
were strapped at the level of the chest, just above the elbows, to prevent excessive move-
ment. Th e elbows were positioned on cushions and a foam block was placed underneath 
the knees. Two MR-compatible keypads (MRI Devices, Waukesha, WI) were placed on 
top of their lap, each a few centimeters away from the body midline, and were pressed 
by the index fi nger of each hand. Th e keypads served to record the start and fi nish of the 
reaching movements. A stimulus device was attached to an arch of about 40 cm in height 
that was placed over the subjects hips, so that the device was about 80 cm away from 
the eyes. Th e stimulus device contained one central multicolor (red, orange, green) LED 
and three peripheral orange LEDs on either side, arranged at an eccentricity of about 
7° and at angular elevations of 18°, 0°, and -18°, respectively, from the central LED. 
During the actual experiment, only the four LEDs in the upper and lower visual fi elds 
(at the nonzero elevation angles) served as targets. Th is confi guration enabled subjects 
to view the stimuli with a comfortable, slightly downward gaze direction relative to the 
head. Stimuli were presented using Presentation software (Neurobehavioral Systems, San 
Francisco, CA). Th is program also recorded the start and fi nish of the reaching move-
ments. Reaching movements involved mostly the elbow joint, in order to minimize the 
amount of mass that was displaced with the movement. Th e hand displacement had a 
magnitude in the order of 20 cm. Since the experiment was performed in complete dark-
ness, subjects could not see their hand during the reaching movement. During imaging, 
we did not record the eye movements. Recently, however, in a control study for a very 
similar reaching experiment in fMRI (Medendorp et al. 2005), it was confi rmed that 
subjects are able to keep central eye fi xation while performing a reaching task. 
3.2.3 MRI scanning 
Functional images were acquired on a Siemens 3-Tesla MRI system (Siemens TRIO, 
Erlangen, Germany). Using an eight-channel phased-array head coil, 28 axial slices were 
obtained by a gradient-echo planar imaging sequence (slice thickness 3 mm, gap = 17%, 
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in-plane pixel size 3.5 x 3.5 mm, TR = 2060 ms, TE = 40 ms, FOV = 224 mm, fl ip angle 
= 90°). All 1435 functional images were acquired in one run, lasting 49 minutes. After 
this, high-resolution anatomical images were acquired using a T1-weighted MP-RAGE 
sequence (176 sagittal slices, voxel size = 1 x 1 x 1 mm, TR = 2300 ms, TE = 3.93 ms, 
FOV = 256 mm, fl ip angle = 8°).
3.2.4 Experimental paradigm
Subjects were tested in complete darkness using a rapid event-related paradigm. Figure 
3.1 illustrates the paradigm, in which subjects had to plan and perform a reaching move-
ment towards a remembered target by following a set of two instruction cues, presented 
in random order. One cue indicated the eff ector to be used (right or left hand), the other 
indicated the target location to reach for (right or left). Th is resulted in target-eff ector 
and eff ector-target trials, according to the instruction order of the cues. 
A trial started with the appearance of an orange central fi xation LED that subjects had 
to fi xate for the total duration of the trial. After a variable delay of 2-4 seconds the fi rst 
cue was given. In the case of a target-eff ector trial, the fi rst cue indicated the target loca-
tion by a brief fl ash (250 ms) of one of the orange peripheral target LEDs. Subsequently, 
after a variable delay of 3-5 seconds, the eff ector cue (left or right hand) was signaled by 
a color change of the central fi xation LED into red or green, which remained on for a 
variable delay of 1-5 seconds. Th en, the color of the central led changed back to orange, 
serving as the go-signal for the subject to execute a swift and accurate reaching move-
ment towards the remembered target, immediately followed by a return movement to 
the hand’s starting position on the button box, while maintaining central eye fi xation. 
After a variable delay of 2-6 seconds, the central LED turned off  and on again, indicat-
ing the start of a new trial. Eff ector-target trials were similar to the target-eff ector trials, 
but with the eff ector instruction given fi rst and the peripheral target indicated second. 
Target-eff ector and eff ector-target trials were randomly interleaved. Th e color instruc-
tions of the eff ector cue were counterbalanced over subjects.
Th e duration of a total trial was jittered between 8 and 20 seconds. To further optimize 
the paradigm, after every fi ve trials there was a longer (13-17 s) period of sole central 
fi xation in order to obtain more data for the fi xation baseline and to allow the BOLD-
signal to return to baseline level. Subjects performed 160 trials, grouped in blocks of 
20 trials. As pointed out earlier, during each block of trials, subjects were instructed to 
maintain central fi xation of the eyes at all times, thus also when they made the reaching 
movements. After each block of trials there was a rest period of 30 seconds, during which 
subjects could freely move or close their eyes. Near the end of the rest period, 5 seconds 
before a new block of trials started, all LEDs on the stimulus device briefl y fl ashed three 
times, instructing the subject to prepare for the next series of trials and fi xate at the 
center. Th e total experiment lasted for 49 minutes.
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3.2.5 Behavioral analysis
We used the following criteria to distinguish error trials from correct trials. A trial was 
excluded from the analysis if: 1) no reaching movement was made, 2) the reaching move-
ment was made with the wrong hand, 3) the reaching movement was started before the 
go-signal was given. We further characterized the correct trials by the reaction time of 
the reaching movement: the time between the onset of the go-cue and the start of the 
movement, as detected by the button box. Statistical tests were performed with the Type 
I error set at the 0.05 level (P < 0.05). 
3.2.6 fMRI data analysis
fMRI data were analyzed using BrainVoyager QX (Brain Innovation, Maastricht, Th e 
Netherlands). Subsequent analyses were performed using Matlab (Th e Mathworks, 
Natick, MA). Th e fi rst three volumes of each subject’s data set were discarded to allow for 
T1 equilibration. Functional images were corrected for slice scan time acquisition and 
motion. Th e data were temporally fi ltered by using a high-pass fi lter of 11 cycles per time 
course (fi lter cutoff  ± 268 s). Th e functional images were co-registered with the anatomi-
cal scan and transformed into Talairach coordinate space using the nine-parameter land-
mark method of Talairach and Tournoux (Talairach and Tournoux 1988). Th e images 
were smoothed with an isotropic Gaussian kernel of 8-mm full-width-at-half-maximum. 
fixation
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cue 2: EFFECTOR
1-5 s
movement
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fixation
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Figure 3.1. Two-stage delayed instruction paradigm. Subjects fi xated a central LED and prepared 
a reach instructed by two successive visual cues: target location (brief fl ash of a peripheral LED 
either left or right) and eff ector choice (color change of the central LED, indicating the use of either 
the left or the right hand), presented in random order. A go-signal prompted the execution of the 
reach, which had to be performed while maintaining central eye fi xation.
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Data were analyzed using a standard general linear model (GLM), under the assump-
tion that the BOLD signal adds linearly and does not saturate (Miezin et al. 2000). 
For each of the sixteen subjects, the following sixteen predictor functions were defi ned. 
Four predictor functions were composed to characterize the response to the fi rst instruc-
tion cue (cue1), resembling the four diff erent types of information: Leftward Target 
(LT), Rightward Target (RT), Left Hand Eff ector (LH), Right Hand Eff ector (RH). 
Accordingly, the information from the fi rst cue could be combined with two diff erent 
types of information provided by the second cue. For example, if the fi rst cue signaled 
the Left Hand, then the second cue instructed either a Leftward Target or a Rightward 
Target, thus comprising two predictor functions, Left Hand - Leftward Target (LH_LT) 
and Left Hand - Rightward Target (LH_RT), respectively. Th is led to eight diff erent 
predictors in response to the second instruction cue (cue2). Furthermore, the response 
to the go-signal was modeled by four diff erent predictor functions: reaching with the 
left hand to a remembered target either in the left visual fi eld or in the right visual 
fi eld, or reaching with the right hand in the left or right visual fi eld. To construct each 
of the predictor functions, we defi ned a box car function extending over each instance 
of the appropriate epoch occurring in each subject’s run, and convolved it with the 
hemodynamic response function (modeled using a gamma function with a tau of 2.5 
seconds and a delta of 1.5 seconds). Together, the cue1, cue2 and go-regressors allowed 
to separate three stages in the sensorimotor process for reaching: an information process-
ing stage (cue1), a retrieval and integration stage to prepare a reach plan (cue2) and a 
movement execution stage (after the go-signal). In addition, we incorporated eight pre-
dictors of no interest. One regressor was designed to capture the error trials, as defi ned 
using the criteria described above. Furthermore, six regressors were designed to represent 
the head motion. Th ese regressors were modeled using the 6 parameters provided by 
Brainvoyager’s motion correction algorithm. Finally, even with the head perfectly sta-
bilized, the dislocation of a mass near, but outside of, the head coil can induce signal 
changes in the images (Diedrichsen et al. 2005). Th erefore, one regressor was used to 
model the changes in the mean signal intensity of the cerebrospinal fl uid (CSF), as sup-
posed to be caused by hand motion in the magnetic fi eld and thereby representing the 
magnetic fi eld fl uctuations (Verhagen et al. 2006).
GLMs were calculated on individual subject data sets with a correction for serial cor-
relations in the time courses. A random-eff ects group analysis was performed to test the 
eff ects across subjects. Th e false discovery rate (FDR) controlling procedure to correct for 
multiple comparisons was used, with a maximum threshold value of 0.05, thus q(FDR) 
< 0.05 (Genovese et al. 2002).
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3.2.7 Image analysis and regions of interest (ROIs)
Using random-eff ects group analysis, contrasts relative to baseline were computed for 
each of the sixteen regressors individually, and for the two subgroups of interest: cue1 > 
fi xation and cue2 > fi xation. We hypothesized that regions involved in integrating spatial 
and eff ector signals should respond signifi cantly to the fi rst cue as well as increase their 
activity after the second cue, when all information is available for the development of a 
movement plan. To this end, we fi rst computed the contrasts cue1 > fi xation at q(FDR) 
< 0.05 and cue2 > cue1 at q(FDR) < 0.05. We then masked the activation map cue2 > 
cue1 by the map cue1 > fi xation. Th is ensured that all voxels identifi ed by the conjunc-
tion analysis were signifi cantly activated in response to both cues, but more so for cue2 
than for cue1. Centered on each point of peak activation in the resulting map, a region-
of-interest was defi ned as all the contiguous voxels within a cubic cluster of 9 x 9 x 9 
mm that exceeded a threshold of q(FDR) < 0.05. We further characterized these ROIs 
by computing their degree of spatial and eff ector selectivity, as well as their specifi city to 
the components of movement preparation and execution. To study these properties, the 
mean beta weight for each regressor refl ecting one of the three epochs of interest (cue1, 
cue2 and reaching) was computed and used for post-hoc comparative analysis using 
repeated measures analyses of variance (ANOVA), setting the Type I error at the 0.05 
level (P < 0.05). 
3.3 Results
3.3.1 Task performance
Table 3.1 presents the accuracy, reaction time and movement duration data recorded 
during the fMRI experiment for each type of reaching movement (left hand to leftward 
target, left hand to rightward target, right hand to leftward target, right hand to right-
ward target). On average, participants scored above 95% correct responses for all condi-
tions. A 2 x 2 repeated measures analysis of variance (ANOVA) with target location (left/
Table 3.1. Percentage correct responses (% ± SD), mean reaction times (RT ± SD, ms) and mean 
movement duration times (MT ± SD, ms) for each of the four reaching movements.
Condition % ± SD RT ± SD MT ± SD
Left hand, left target 95.2 ± 3.8 587 ± 125 1609 ± 351
Left hand, right target 95.5 ± 3.4 579 ± 113 1630 ± 346
Right hand, left target 95.8 ± 3.0 578 ± 118 1675 ± 373
Right hand, right target 96.6 ± 3.3 589 ± 143 1659 ± 397
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right) and eff ector hand (left/right) as factors revealed no signifi cant main eff ect (target: 
F(1,15)= 0.4, P = 0.5; eff ector: F(1,15) = 1.0, P = 0.32) or interaction eff ect (F(1,15) = 0.08, P 
= 0.78).
Reaction time analysis of the correct responses revealed a mean reaction time of 583 ± 
117 ms (mean ± SD), across all conditions, which is consistent with previous reports 
(Th oenissen et al. 2002; Simon et al. 2002). Th e diff erences among the four conditions 
were not statistically signifi cant (target: F(1,15)= 0.001, P = 0.97; eff ector: F(1,15) = 0.0002, 
P = 0.99; interaction: F(1,15) = 0.1, P = 0.75). In addition, no signifi cant diff erence in 
reaction time was found between target-eff ector and eff ector-target trials (paired t-test: 
t15 = -1.5, P = 0.17). 
Th e mean movement duration of a to-and-fro movement was 1643 ± 359 ms across all 
conditions and subjects, indicating that subjects always had their hand returned to the 
starting position before cue1 of the next trial appeared. Again, the diff erences among the 
four conditions were not statistically signifi cant (target: F(1,15)= 2.7, P = 0.12; eff ector: 
F(1,15) = 0.02, P = 0.90; interaction: F(1,15) = 0.5, P = 0.49). 
Together, the behavioral results, showing similar performance in all conditions, imply 
that the observed diff erences in corresponding fMRI activation patterns cannot be 
related to diff erent levels of task performance.
3.3.2 fMRI activation data
3.3.2.1 Response to cue1
We fi rst identifi ed regions of the brain that were activated in response to the fi rst cue 
(cue1 > fi xation). Using a random-eff ects group GLM, a contrast that involved the four 
weighted regressors comprising the fi rst cue (target left, target right, left hand, right 
hand) was constructed. Figure 3.2A and B show two anatomical views of these results, 
in neurological convention, thresholded at q(FDR) < 0.05, at a viewpoint centered on 
the parietal activation (intraparietal sulcus, IPS). Th is functional activation map was ren-
dered onto an infl ated representation of the left hemisphere of a single subject, providing 
a direct overview of the activated voxels relative to other anatomical landmarks (Figure 
3.2C and D).
As shown, a bilateral occipital-parietal-frontal network was activated in response to the 
fi rst cue. Signifi cant activity was found in the lateral and medial regions along the intra-
parietal sulcus, extending more posterior into the transverse occipital sulcus, likely into 
area V3A or V7 (Medendorp et al. 2005; Tootell et al. 1998). Signifi cant voxels were also 
observed within the parietal-occipital sulcus (PO) and the precuneus (PreCun). Within 
the frontal lobe, signifi cant responses were found in the precentral gyrus and sulcus, 
which correspond to the dorsal and ventral premotor areas (PMd/PMv) (Medendorp 
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et al. 2005; Picard and Strick 2001; Wise et al. 1997). On the medial wall, activation 
extended from the superior frontal sulcus, corresponding to the supplementary motor 
area (SMA) (Picard and Strick 2001), into the posterior rostral and caudal zones of the 
anterior cingulate sulcus (cingulate motor area, CMA). Furthermore, signifi cant activa-
tions were observed in the dorsolateral prefrontal cortex (dl-PFC) (DeSouza et al. 2003; 
Hunter et al. 2004) and in the frontal insular cortex (Ins) (Grefkes et al. 2004; Kincade et 
al. 2005). Notably, no signifi cant activation was found in any of the subcortical regions 
or the cerebellum (not shown). 
Table 3.2 lists the average Talairach coordinates (in mm) of the peak voxel within each 
region and its t-value across all subjects. Th e goodness-of-fi t value (R2) indicates how well 
the GLM model described the data in each region.
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Figure 3.2. Brain activation in response to the fi rst cue (cue1 > fi xation) averaged across sixteen 
subjects, presented in two anatomical views in neurological convention (A, B), and on an infl ated 
representation of the left hemisphere of a single subject (C, D). P < 0.05, FDR-corrected. A parieto-
frontal network including the supplementary and cingulate motor areas (SMA, CMA), dorsal and 
ventral premotor cortex (PMd, PMv), dorsolateral prefrontal cortex (dl-PFC) and regions along the 
intraparietal sulcus (IPS) is involved in processing the information represented by the cue. Also, 
activity can be found in the insula (Ins), precuneus (PreCun), extrastriate area V3A/V7 and the right 
lateral occipital cortex (not shown).
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3.3.2.2 Response to cue2
Figure 3.3 provides an overview of the regions that responded signifi cantly to the second 
cue (cue2 > fi xation), in the same format and at the same statistical threshold as Figure 
3.2. Several observations can be made when comparing this fi gure with the previous 
one. First, virtually all of the regions that responded to the fi rst cue were also activated 
in response to the second cue. Second, there is more widespread activation in response 
to the second cue. More specifi cally, the presentation of the second cue led to additional 
bilateral activation in the central and postcentral sulcus, corresponding to the primary 
motor (M1) and somatosensory (S1) cortices, respectively (Diedrichsen et al. 2005; 
Yousry et al. 1997). Cue2 also induced activity peaks in a region along the posterior 
Table 3.2. Brain regions activated for cue1. Coordinates in mm: x (lateral/medial), y (anterior/pos-
terior) and z (superior/inferior), according to Talairach and Tournoux (1988). The t-values represent 
the areas’ statistics across all subjects; R2-values give the goodness-of-fi t of the GLM model.
Anatomical region
Functional 
label
Side x y z t-value R2
Anterior cingulate sulcus CMA L/R -3 8 46 11.3 0.36
Dorsolateral prefrontal cortex dl-PFC L -33 32 34 5.3 0.37
R 39 38 37 3.9 0.23
Frontal insular cortex Insula L -30 20 7 9.6 0.45
R 33 17 10 5.6 0.37
Intraparietal sulcus IPS L -15 -67 40 8.7 0.50
R 15 -61 46 6.6 0.53
- L -39 -43 34 8.2 0.45
L -27 -65 34 9.7 0.51
R 33 -46 37 6.6 0.45
Lateral occipital cortex Lat.Occ. R 39 -58 7 4.4 0.52
Medial occipital sulcus Precuneus L/R -3 -61 40 9.7 0.33
Occipital cortex V3A/V7 L -27 -73 22 9.0 0.55
R 24 -70 22 6.1 0.55
Parieto-occipital sulcus PO L 24 -67 31 11.8 0.54
R 18 -73 28 5.5 0.47
Precental sulcus PMd L -36 -10 52 12.3 0.44
R 33 -10 52 9.4 0.44
PMv L -51 -1 43 8.3 0.27
R 45 -4 46 8.5 0.33
Superior frontal sulcus SMA L -12 -7 64 13.1 0.39
R 6 -1 52 10.8 0.45
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cingulate sulcus. Furthermore, in the occipital cortex, two regions exhibited signifi cant 
activity in response to cue2. More precisely, one area was found close to the calcarine fi s-
sure (V1/V2) and the other situated in the lateral occipital cortex (Lat.Occ.) (Astafi ev et 
al. 2004). Finally, subcortical activity was found in the thalamus and putamen (Kertzman 
et al. 1997), while cerebellar activity was primarily observed in the anterior cerebellum 
(not shown) (Hanakawa et al. 2003). Table 3.3 presents the Talairach coordinates, peak 
t- and R2-values of all regions activated in response to cue2.
It is important to emphasize here that the sensory aspects of the fi rst and second cue 
were identical. Either the fi rst cue signaled the target and the second cue indicated the 
eff ector, or vice versa. Since this was balanced over trials, the activity of the regions that 
were only activated for cue2 must refl ect a stage that transcends mere stimulus process-
ing, as they did not become activated when the same stimulus information was presented 
by cue1. Hence, this activity can be assumed to encode information that resembles a 
computation using both cue1 and cue2 information. In this respect, these regions may 
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Figure 3.3. Brain activation in response to the second cue (cue2 > fi xation). Data in same format 
as Figure  3.2. Various regions that responded to cue1 (Figure 3.2) are also activated in response 
to cue2. In addition, activation can be observed in the primary motor cortex (M1) and somato-
sensory (S1, S2) cortices, occipital cortex (Lat.Occ.) and in the thalamus, putamen and cerebellum 
(not shown).
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Table 3.3. Brain regions activated for cue2. Coordinates in mm: x (lateral/medial), y (anterior/pos-
terior) and z (superior/inferior) according to Talairach and Tournoux (1988). The t-values represent 
the areas’ statistics across all subjects; R2-values give the goodness-of-fi t of the GLM model.
Anatomical region
Functional 
label
Side x y z t-value R2
Anterior cingulate sulcus CMA L -9 5 39 7.3 0.53
R 9 5 39 7.7 0.49
Central sulcus M1 L -30 -28 58 8.9 0.45
R 24 -22 52 10.1 0.51
Dorsolateral prefrontal cortex dl-PFC L -33 26 37 7.6 0.37
R 33 32 34 6.3 0.32
Frontal insular cortex Insula L -39 8 7 11.5 0.40
R 24 7 10 9.2 0.58
Intraparietal sulcus IPS L -24 -61 46 8.6 0.55
R 21 -64 46 7.1 0.40
- L -33 -43 43 8.7 0.53
R 27 -46 46 8.6 0.54
Lateral occipital cortex Lat.Occ. L -45 -64 4 8.1 0.51
R 45 -67 4 7.0 0.35
Medial occipital sulcus Precuneus L -12 -73 7 4.5 0.37
R 9 -70 10 3.7 0.39
Parieto-occipital sulcus PO L -21 -70 37 7.8 0.48
R 12 -77 34 6.1 0.36
Occipital cortex V3A/V7 L -21 -79 19 5.5 0.59
R 12 -79 28 7.8 0.44
Postcentral sulcus S1 L -30 -37 55 13.0 0.45
R 33 -37 55 7.8 0.39
- L -39 -31 16 9.3 0.39
R 36 -31 16 9.4 0.43
S2 L -48 -34 25 6.9 0.46
R 51 -34 28 8.1 0.40
Postcingulate sulcus - L -12 -31 40 8.6 0.52
R 6 31 43 11.5 0.45
Precental sulcus PMd L -36 -13 52 14.4 0.46
R 30 -16 52 10.9 0.50
PMv L -57 -1 28 7.4 0.33
R 51 -1 34 7.3 0.37
Putamen Putamen L -24 2 7 10.6 0.43
R 21 2 10 11.1 0.48
Superior frontal sulcus SMA L -6 -7 49 13.6 0.46
R 6 -10 49 16.0 0.50
Thalamus Thalamus L -15 -19 7 7.8 0.52
R 12 -22 7 7.5 0.48
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refl ect the preparation of a motor plan, as formulated after the consecutive presentation 
of target and eff ector cues. Worth mentioning, some of these regions are more typically 
observed during motor execution than preparation, such as M1, S1, posterior CMA, 
thalamus, and putamen (but see Simon et al. 2002; Th oenissen et al. 2002). We can 
therefore not exclude that their activity is due to descending corticospinal activation as 
a result of anticipatory fi nger tensing while pressing the button box or of some other 
preparatory movement, which would not have been detected if no active fi nger pressing 
were involved. Importantly, since these regions do not respond signifi cantly to the single 
presentation of the cues, they may not be attributed a direct role in integrating spatial 
and eff ector signals for human reaches.
3.3.2.3 Integrating spatial and eff ector signals
So far two types of regions have been described: 1) regions that were activated by both 
cue1 and cue2 and 2) additional regions that were only responsive to cue2. Th e fi rst type 
of regions may just respond to the mere sensory aspects of the cues, or refl ect a response 
related to a single aspect of the stimulus, whereas the second type probably refl ects a 
stage of computation that follows the actual integration process. It could be argued that 
the regions that are crucially implicated in the combination of the two cues should 
respond to each of the two cues, but with a stronger response to the second cue than to 
the fi rst, due to the additional integrative processing to establish a reach plan following 
cue2 (Calvert et al. 2001; Meredith and Stein 1983). As the BOLD signal represents 
the averaged response from a large population of cells within the same area, the more 
lenient requirement of simply a response to cue1 and a response to cue2 could indicate 
stimulation of separate populations of eff ector-specifi c and target-specifi c cells within a 
single voxel sampled in fMRI. Th e present defi nition of integration, however, ensures the 
detection of a single neural population that receives both target and eff ector information 
and combines these cues to formulate a movement plan, with the computational eff ort 
of integration and movement plan preparation potentiating the activity after the presen-
tation of the second cue. Th e critical contrast for isolating such regions is computed by 
cue2 > cue1, masked by cue1 > fi xation (see Methods).
As listed in Table 3.4 and illustrated in Figure 3.4, several brain regions met these require-
ments, including a bilateral region in the posterior parietal cortex (IPS), the regions in 
the premotor cortex (PMd, PMv) as well as the motor regions on the medial bank of the 
frontal cortex (SMA, CMA) and the insular cortex (Ins). Furthermore, the left dorsola-
teral prefrontal cortex (dl-PFC) and an area in the right lateral occipital sulcus (Lat.Occ.) 
showed activation for this contrast. Th is suggests that these regions play an important 
role in integrating spatial and eff ector signals when planning a reaching movement in 
humans, consistent with much of the neurophysiological data from nonhuman primates 
(Calton et al. 2002; Hoshi et al. 2005; Hoshi and Tanji 2000, 2002, 2004a, b, c, 2005). 
In the remainder of this paper, we refer to these regions as target-arm integration regions.
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How much are these integration regions also involved in executing the reach? As out-
lined in the Methods, our design separated three stages in the sensorimotor process for 
reaching - an information processing stage (cue1), a retrieval and integration stage to 
prepare a reach plan (after cue2), and a movement execution phase (after the go signal). 
Figure 3.5 demonstrates the activation of the target-arm integration regions in each of 
these phases, by plotting the mean group beta weights estimated by the GLM analysis 
for these ROIs. Obviously, by defi nition, all integration regions were signifi cantly more 
activated in response to cue2 compared to cue1. In addition, virtually all of these regions 
demonstrated signifi cantly higher activation during reach planning than for reach execu-
tion, consistent with a specialized role of transforming visual information into informa-
tion required for motor planning. By contrast, primary motor cortex (M1), shown at 
the bottom panel of Figure 3.5, shows virtually no response to cue1, while this region 
demonstrates more activation during reach execution than during reach planning.
3.3.2.4 Spatial and eff ector selectivity
So far, our fi ndings provide insight into the neural circuit engaged in integrating target 
and eff ector information to establish a reach plan. As shown in Figure 3.6, all regions in 
this circuit appear to encode both the position of the reach target (spatial information) 
Table 3.4. Areas playing a role in target-arm integration. Coordinates in mm: x (lateral/medial), 
y (anterior/posterior) and z (superior/inferior) according to Talairach and Tournoux (1988). The 
t-values represent the areas’ statistics across all subjects; R2-values give the goodness-of-fi t of the 
GLM model.
Anatomical region Functional label Side x y z t-value R2
Anterior cingulate sulcus CMA L -9 6 34 6.0 0.50
R 2 0 41 6.8 0.43
Dorsolateral prefrontal cortex dl-PFC L -31 30 29 3.6 0.41
Frontal insular cortex Insula L -39 5 7 8.9 0.43
R 36 9 10 5.1 0.33
Intraparietal sulcus IPS L -26 -52 52 6.6 0.48
R 15 -54 49 6.9 0.55
Lateral occipital cortex Lat.Occ. R 54 -64 4 5.0 0.43
Precental sulcus PMd L -30 -19 53 13.1 0.52
R 29 -19 55 11.4 0.49
PMv L -57 2 26 3.9 0.34
R 51 -1 34 5.2 0.36
Superior frontal sulcus SMA L -6 -16 54 14.0 0.45
R 6 -10 50 13.3 0.49
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and the arm to be used for the reach (eff ector information), as in all of these regions 
either spatial information or eff ector-specifi c information can evoke activity without the 
other. But how specifi c are these regions to each of these instructions in isolation?
In this study, the four regressors in the GLM (Leftward Target, Rightward Target, 
Left Hand Eff ector, Right Hand Eff ector) that model the total response to cue1 (see 
Methods) eff ectively characterize the response to spatial target information and eff ector 
information in isolation. For each of the identifi ed regions, we performed post-hoc com-
parisons of the respective beta weights associated with these regressors using repeated-
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Figure 3.4. Regions involved in target-arm integration. Mean data of 16 subjects presented in 
three anatomical views in neurological convention (A), and on an infl ated representation of both 
hemispheres of a single subject (B, C). All regions responded signifi cantly to the fi rst cue as well as 
increased their activity after the second cue, when all information was available for the develop-
ment of a movement plan (contrast: cue2 > cue1, masked by cue1 > fi xation). This analysis identi-
fi ed the bilateral SMA, CMA, PMd, PMv, IPS and insula, together with the left dl-PFC and an area 
in the right lateral occipital sulcus (Lat.Occ.) in planning movements based on sensory signals. 
P < 0.05, FDR-corrected.
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measures ANOVAs (see Methods). In a lumped comparison of the data following cue1 
presentation (Leftward + Rightward Target versus Left Hand + Right Hand Eff ector), 
we observed no signifi cant diff erence in the average response to a target or eff ector cue 
in most regions, except for the bilateral insula (F(1,15) = 5.2, P = 0.037) and the right 
lateral occipital area (F(1,15) = 17.3, P = 0.001), that showed a preference for eff ector over 
target information. In separate analyses, we tested for laterality eff ects, either for target 
location (left/right) or for eff ector hand (left/right). As such, only bilateral CMA showed 
a spatially selective response, i.e., a signifi cantly diff erent activation for leftward and 
rightward targets (F(1,15) = 5.5, P = 0.033). A larger set of regions showed eff ector-specifi c 
modulations, including the SMA, CMA, PMd, IPS and the insula. Th ese regions dem-
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Figure 3.5. Comparison of the level of acti-
vation (beta weights, in arbitrary units) in the 
integration regions during the three phases 
of the visuomotor transformation of a reach: 
information retrieval (cue1), integration (cue2), 
and reach execution (go-cue). Data of M1 are 
given for comparison. Average of 16 subjects. 
Error bars, SE. Given their defi nition, all target-
arm integration regions responded signifi -
cantly stronger to cue2 than cue1 (P < 0.05). In 
addition, stars indicate regions which showed 
signifi cantly (P < 0.05) more activity during the 
prepation interval (cue2) than during the reach 
(after the go-cue). 
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onstrated signifi cantly larger responses to cueing the contralateral eff ector hand than the 
ipsilateral hand (for all regions, F(1,15) > 5.0, P < 0.05). Th ese regions thus specify which 
hand is intended to act in a later response, even in the absence of a selected goal for this 
action. For comparison, M1 seemed virtually not activated in response to the fi rst cue; if 
anything it showed a small response to the contralateral eff ector cue.
We also quantitatively analyzed the degree of spatial and eff ector specifi city during the 
second delay period, i.e., during the preparation of the movement. Since a repeated-
measures ANOVA generally revealed no signifi cant main eff ect of the order in which 
target and eff ector cues were presented (F(1,15) < 4.4, P > 0.05 for all regions but the right 
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Figure 3.6. Spatial and eff ector selectivity in 
response to cue1. Averaged beta-weights (in 
arbitrary units) of 16 subjects for all regions 
involved in target-arm integration, for each 
of the four types of cue1: left hand, right 
hand, leftward target and rightward target. 
Contralateral hand preferences are shown for 
SMA, CMA, PMd, IPS and the insula. Data of 
M1 is shown for comparison, showing virtually 
no response to cue1. Error bars, SE.
Integration of target and eff ector information in the human brain during reach planning
72
Lat.Occ: F(1,15) = 7.7, P = 0.014) we made no distinction between target-eff ector and 
eff ector-target trials. Figure 3.7 illustrates the activation (using the mean beta weights of 
the respective regressors in the GLM) of each of the integration regions in the four dif-
ferent planning conditions, defi ned by a combination of either the left or right hand and 
either a leftward or rightward target. As shown, spatial-selective responses were found in 
bilateral PMd and IPS, with each region showing a preference for targets located in the 
contralateral hemifi eld. Th is observation was confi rmed by a signifi cant interaction eff ect 
in a  two-way ANOVA, with target location (left/right) and hemisphere (left/right) as 
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Figure 3.7. Spatial and eff ector selectiv-
ity in response to cue2. Mean beta weights 
(in arbitrary units) of 16 subjects during the 
preparation phase of each of the four pos-
sible reaching movements, defi ned by a 
combination of either the left or right hand 
with either a leftward or rightward target. 
PMd and IPS show signifi cant modulations 
in relation to both selected hand and target 
location (P < 0.05). SMA, CMA, and PMv show 
only eff ector-specifc modulations (P < 0.05). 
For comparison, M1 shows a very strong pref-
erence for the contralateral hand (P < 0.001), 
irrespective of the location of the target for 
action. Error bars, SE.
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factors (PMd: F(1,15) = 6.1, P = 0.026; IPS: F(1,15) = 4.8, P = 0.045). Furthermore, eff ector-
specifi city was found in the same regions as during the fi rst instruction stage, including 
SMA, CMA, PMd, PMv and IPS (all regions F(1,15) > 5.0, P < 0.05). Complete lateraliza-
tion to the contralateral eff ector was observed in M1 (F(1,15) = 74.4, P < 0.001), as shown 
in the bottom panel of Figure 3.7.
Figure 3.8 demonstrates the interaction eff ect in a clearer fashion, by plotting the dif-
ferences in activation (± SE) in relation to eff ector hand (Figure 3.8A) or target loca-
tion (Figure 3.8B), averaged across both hemispheres. As shown, during the movement 
preparation phase, only the activation of IPS and PMd is signifi cantly modulated by 
both eff ector-hand and target location, consistent with a role in specifying the eff ectors 
and targets for action (Calton et al. 2002; Medendorp et al. 2005).
To complete our analysis, we investigated the degree of spatial-selectivity and eff ector-
specifi city during the reaching period. In none of the regions did we observe spatial-selec-
tive activation during the reach (F(1,15) < 1.8, P > 0.05 for all regions). Hand-specifi city 
remained present in SMA, PMd and IPS (F(1,15) > 7.0, P < 0.05), while such selectivity 
had disappeared in bilateral CMA and PMv during this phase (F(1,15) < 0.6, P > 0.05). 
Very strong hand-selectivity remained in M1 (F(1,15) = 50.4, P < 0.001).
3.4 Discussion
To prepare a goal-directed reaching movement the brain must integrate information 
about the selected arm with information about the selected target. Here, we used a rapid 
event-related fMRI design to identify the neural correlates of this integration process in 
Figure 3.8. Spatial and eff ector-specifi c modulations pooled across hemispheres during the 
reach preparation phase. A. Diff erence in activation between planning a reach with the contral-
ateral hand and a reach with the ipsilateral hand. B. Diff erence in activation between a reach 
planned towards a rembered target in the contralateral hemifi eld and a target in the ipsilateral 
hemifi eld. Stars indicate a signifi cant diff erence (p < 0.05). Error bars, SE.
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humans. We used a sequential instruction paradigm, which was adopted from monkey 
neurophysiological research and modifi ed to comply with fMRI standards. Since this 
paradigm employed time delays between the occurrence of the three instruction cues 
(cue1, cue2, go), we could dissociate in a GLM analysis the metabolic demands for 
three separate and successive stages in the sensorimotor process for reaching. We deter-
mined the BOLD activation at the information processing stage (cue1), the retrieval and 
integration stage to prepare a reach plan (cue2), and at the movement execution phase 
(after the go-signal). In our analysis, we capitalized on the idea that regions that inte-
grate spatial and eff ector signals should not only show signifi cant activation to each of 
the two cues, but should also respond more strongly to the second cue than to the fi rst, 
due to the increased metabolic demands for the integrative processing of the two cues. 
As a result, we found bilateral regions in the posterior parietal cortex (IPS), the premo-
tor cortex (PMd, PMv), the medial frontal cortex (SMA, CMA) and the insular cortex 
(Ins) involved in target-arm integration. Unilateral involvement was observed for the left 
dorsolateral prefrontal cortex (dl-PFC) and a lateral occipital region (Lat.Occ.) in the 
right hemisphere. Th ese regions were generally more active during movement prepara-
tion than movement execution. Moreover, all of these regions could be activated not only 
by spatial information without a motor plan, but also by the plan to use a specifi c eff ector 
without spatial information. Using a region-of-interest analysis, we further determined 
their functional properties in sensorimotor control in terms of spatial and eff ector spe-
cifi city. Th is showed that the posterior parietal cortex and dorsal premotor cortex specify 
both the spatial location of a target and the eff ector selected for a forthcoming action. 
As far as we are aware, no other fMRI studies have tested human subjects using the two-
stage reach instruction task of this study. But our behavioral design borrowed heavily 
from previous studies in monkey neurophysiology, which has the benefi t of making it 
possible to place the results in the context of a large body of related research in monkeys. 
We have shown that the bilateral regions of the posterior parietal cortex (IPS), premo-
tor cortex (PMd, PMv), medial frontal cortex (SMA, CMA), and insular cortex (Ins) 
are central to the process of reach planning based on the association of sensory signals. 
Th ese regions have also been observed in monkeys performing similar tasks (Calton et 
al. 2002; Hoshi et al. 2005; Hoshi and Tanji 2000, 2002, 2004a, b, c, 2005, 2006). One 
diff erence between the present paradigm and the monkey experiments by Hoshi and col-
leagues relates to the memory components of the eff ector and target cues. In the monkey 
studies, both cues were presented as a brief fl ash of a square in the periphery, the putative 
instructions of which were to be remembered for some time and then integrated into a 
movement plan. In our study, eff ector cues were presented centrally and remained on 
till the next cue appeared, while target cues were brief visual dots in the periphery and 
had to be stored in memory. But because our paradigm consisted of eff ector-target and 
target-eff ector trials, diff erences in memory components were balanced across epochs in 
the computation of the integration contrast, which resulted in virtually the same regions 
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as observed in the monkey. Various other studies in the monkey, using slightly diff erent 
paradigms, have reported reach planning activity in these regions as well (Cisek et al. 
2003; Shen and Alexander 1997; Snyder et al. 2000). Th us our results highlight the syn-
ergy between primate neurophysiology and human functional imaging as to the neural 
mechanisms for reach planning.
Our event-related design allowed the identifi cation of BOLD activity related to specifi c 
epochs of the task, enabling the dissection of the mere sensory and motor responses 
from activity that might be related to integrative processes for movement planning. 
Th is would be impossible in a block design. Th e present results corroborate the fi nd-
ings of previous human imaging studies that isolated preparatory activity for reaching 
movements (Astafi ev et al. 2003; Connolly et al. 2003; Medendorp et al. 2003, 2005). 
Recently, Prado et al. (2005) demonstrated a more widespread pattern of brain activity 
for reaching to peripheral targets than to foveal targets, showing additional activation at 
the parieto-occipital junction (area PO) and more rostral regions of PMd for peripheral 
reaches. Th e present observation of activation in a region in the parieto-occipital sulcus 
during both reach planning and execution is in line with these fi ndings as reaches were 
always aimed at targets fl ashed onto the retinal periphery. 
We also observed activation in the insular cortex and lateral occipital cortex in this two-
stage reach instruction paradigm, for which, to our knowledge, corresponding experi-
ments in monkeys have not been made. Th e observed activation of the insular cortex 
may not be surprising given its connections to parietal and premotor areas (Augustine 
1996). Also, recent human neuroimaging studies have found activity in the insula dur-
ing reaching movements (Desmurget et al. 2001; Grefkes et al. 2004; Kertzman et al. 
1997). Th e activation observed in the lateral occipital cortex fi ts well with observations 
by Astafi ev et al. (2004) demonstrating that activity in this region is modulated by reach-
ing movements, even in the absence of visual feedback from the movement. 
Importantly, although all parietofrontal regions we identifi ed within the visuomotor 
integration network responded primarily bilaterally (Nirkko et al. 2001), they also dem-
onstrated a contralateral organization for the hand used to reach (Cisek et al. 2003; 
Medendorp et al. 2005). Th us each hemisphere seems functionally specialized in the 
processing of visual information for the planning of a movement with the contralateral 
hand. In contrast, we observed a lesser degree of laterality for target location (spatial 
selectivity) within the network. Th at is, contralateral spatial selectivity was observed only 
in the posterior parietal cortex (IPS) and dorsal premotor cortex (PMd) during the sec-
ond delay period, in the integration phase. Th e fact that only a trend towards spatial 
selectivity was found in the fi rst delay period may simply refl ect a lack of statistical 
power, as that analysis was based on only half of the trials. More importantly, in the 
integration phase, the representations in regions IPS and PMd contained information 
about both the selected hand and target location (Medendorp et al. 2005). In terms of 
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target selection and eff ector selection, it can be argued that only these regions within the 
integration network refl ect the specifi c action that is to be performed. IPS and PMd were 
able to retrieve selective information about the eff ector or the spatial target, retain the 
fragment of information given fi rst until receiving the second fragment, and then inte-
grate the two sets of information to specify the forthcoming action (Calton et al. 2002; 
Hoshi and Tanji 2006). Along the same lines, then, it could be argued that the other 
regions identifi ed here fulfi ll a more general, global role in the visuomotor integration for 
reaching movements, perhaps involved in monitoring and simulating behavior (Hoshi et 
al. 2005; Picard and Strick 2001). 
Although we are confi dent in concluding that the massed activation in the regions PMd 
and IPS refl ects a demonstration of sensorimotor integration, there may be limits to this 
interpretation. For example, one may regard the observed BOLD changes as represent-
ing a neural correlate of a decision making process for response selection. Various studies 
have indicated that the primate brain can simultaneously specify several likely alterna-
tive movement directions, before making a decision between them, with the neuronal 
activity depending on the probability that a particular movement will be selected (Basso 
and Wurtz 1998; Cisek et al. 2003; Cisek and Kalaska 2005). However, in these stud-
ies, the eff ector was known and the number of potential target locations was varied. It is 
therefore diffi  cult to entail whether the results of these studies examined the preparation 
of multiple movement plans, or the mere representation of multiple target locations for 
a single eff ector. In the present study, the brain may have simultaneously encoded the 
four potential target locations when the eff ector cue was presented in order to formulate 
four movement plans. Likewise, when the target was cued fi rst, the brain may at the same 
time have derived internal information about the two eff ectors to develop two concur-
rent eff ector-specifi c movement plans. Our fMRI study does not allow to diff erentiate 
between decision making and motor planning mechanisms, and it seems plausible that 
the network we have probed is involved in both processes. Further experiments may be 
useful to assess the possibility of contingency plans for multiple potential movements in 
the regions in more detail. 
In natural situations, a reaching movement towards an object is often accompanied by 
a movement of the eyes to the same goal. Th e present study, however, was restricted to 
reaching with the eyes fi xating centrally. Although we did not record eye movement 
information during scanning, previous work has shown that subjects are quite able to 
perform such a task (Medendorp et al. 2005), though some subjects may maintain bet-
ter fi xation than others. Could (part of ) the activation be confounded by unwanted 
eye movements? Perhaps, as we cannot exclude that subjects made plans for both eye 
and arm movements, with the eye movement plan cancelled at the moment of execu-
tion. Moreover, it is well established that there is no complete segregation between eye 
and arm movements for the activation in many regions in parietal and frontal cortex 
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(Lawrence and Snyder 2006). However, the presence of arm-eff ector specifi c signals in 
most of the integration regions is not consistent with an explanation of our results by eye 
movements only. Th at said, many of these regions have been shown to play important 
roles in coordinating the hand with the eye (Buneo et al. 2002, Pesaran et al. 2006). It 
would be useful to perform experiments that explicitly dissociate eye movement plan-
ning from reaching movements to further address this issue (Snyder et al. 1997).
In line with previous studies (Batista and Andersen 2001; Buneo et al. 2002; Calton et al. 
2002; Hoshi and Tanji 2000, 2002, 2004c, 2006; Kertzman et al. 1997; Medendorp et 
al. 2005), our results suggest that both IPS and PMd play crucial roles in the integration 
of the target’s location with information about the selected eff ector. Th is interpretation 
of the data hinges critically on the fact that these regions show bilateral but diff erential 
responses to target locations and eff ector instructions. Note however that we cannot dis-
cern if the diff erential response to the eff ector instructions refl ects a neural correlate for 
the current position of the hand or a correlate for the selection of the hand. Th is would 
require further experiments, with the hand put at diff erent starting positions within the 
workspace. 
Related to this, human psychophysics has suggested that a reaching movement is planned 
in terms of a vector (Shadmehr and Wise 2005; Vindras and Viviani 2005), in eye-cen-
tered coordinates (Beurze et al. 2006; Henriques et al. 1998). To compute this vector, the 
locations of the target and hand must be expressed in the same reference frame. Taking 
this to the neural level, this means that common coordinates are required to facilitate the 
integration of target and eff ector information for the computation of the hand-to-target 
diff erence vector. Consistent with the psychophysics, Buneo et al. (2002) suggested that 
this vector is computed in the monkey posterior parietal cortex, in eye-centered coordi-
nates. Here, in the human, the region in posterior parietal cortex that we have identifi ed 
exhibits some overlap with region ‘retIPS’, which has been shown to code reach represen-
tations in eye-centered coordinates (Medendorp et al. 2003, 2005).
Based on this, we would suggest that the IPS region identifi ed here begins the neural 
computations required for an accurate reach by integrating target and hand information 
in eye-centered coordinates. It is also known that information about initial hand position 
is coded in the postcentral sulcus, in a somatotopic map, as relative joint angles (Gardner 
and Costanzo 1981; Helms Tillery et al. 1996). Note that we observed activation in the 
postcentral sulcus after the second cue (see Figure 3.3), which could be interpreted as a 
read-out of this map. Th is activation is then ‘transferred’ into more posterior regions, and 
recoded to represent the position of the hand relative to the eye in order to facilitate the 
integration with the eye-centered target location information. 
Obviously, as muscles need to contract in order to make a reaching movement, further 
processing is required to transform an eye-centered reach representation into a more 
intrinsic limb-centered muscle-based motor command. Th e further implementation 
Integration of target and eff ector information in the human brain during reach planning
78
of this coordinate transformation must occur downstream from the eye-centered IPS 
region. Based on the present results, we cannot make any claims about the exact role of 
the PMd region in this transformation as we did not test between reference frames. But 
as PMd is generally accepted to be a motor area, it is likely to be involved in this trans-
formation, also given its sensitivity for the initial position and orientation of the arm 
(Caminiti et al. 1991; Pesaran et al. 2006; Scott et al. 1997) and for eye position signals 
(Boussaoud et al. 1998). A crucial experiment to be performed therefore would be to 
investigate the activity in these integration regions with respect to the reference frames 
they deploy (Beurze et al. 2006; Buneo et al. 2002; Pesaran et al. 2006).
In summary, the present study revealed a distributed network of motor regions engaged 
in the integration of target and eff ector information for the planning of a human reach. 
While these fi ndings impose signifi cant insights in reach planning in general, as well as 
in the relationship between primate neurophysiology and human functional imaging, 
future work should address the functional properties of nodes in this network in more 
detail.  
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4.1 Introduction
Th e process of motor control is assumed to be organized in a hierarchical fashion, at mul-
tiple levels of abstraction, with motor selection followed by movement planning, which 
in turn operates before the muscular contractions that move the eff ector (Bernstein 
1967; Cisek et al. 2003; Grafton and Hamilton 2007; Tresilian 1999). To date, a com-
prehensive understanding of the neural substrate that underlies the processing at these 
diff erent levels is still lacking, particularly with regard to the control of multiple eff ectors. 
Consider, for example, the planning of eye and hand movements. While eye movements 
obviously involve diff erent muscles with diff erent dynamics than hand movements, and 
thus require diff erent neural commands at the muscular level, it is less clear whether the 
parietal-frontal circuit involved in planning and selecting eye movements is diff erent 
from that of hand movements (Andersen and Buneo 2002; Colby and Goldberg 1999; 
Levy et al. 2007).
According to heuristic reasoning, if motor planning is organized merely in relation to 
the eff ector to be moved, one could expect segregated neural circuits for planning of eye 
and hand movements (Andersen et al. 1997). In contrast, if motor planning is organized 
more in relation to the goal to achieve (Hamilton and Grafton 2006; Hommel et al. 
2001), one could expect overlapping neural circuitry to be recruited in the planning of 
eye and hand movements. 
Monkey neurophysiological data are interpreted in favor of either view. Th e prevailing 
interpretation is that distinct eff ector-specifi c modules exist in the parietal-frontal net-
work. More specifi cally, according to this account, neurons in the lateral intraparietal 
area (LIP) are thought to encode eye movement plans (Gnadt and Andersen 1988) while 
neurons in the parietal reach region (PRR) are responsive to impending reaching move-
ments (Snyder et al. 1997). Similar distinctions have been proposed in the frontal cortex, 
with the frontal eye fi elds (FEF, Schall 1991) and the dorsal premotor area (PMd, Wise 
et al. 1997) coding for eye and reaching movements, respectively. 
More recent notions, however, emphasize that this separation is not so strict. For exam-
ple, neurons in the various regions described above also respond for the non-preferred 
eff ector (Boussaoud et al. 1998; Calton et al. 2002; Fujii et al. 2000; Lawrence and 
Snyder 2006; Oristaglio et al. 2006; Snyder et al. 1997; Th ura et al. 2008). Also recent 
human fMRI studies, which assess the overall computations of larger neuronal popula-
tions, noted limited eff ector specifi city in the parietal-frontal network during movement 
planning (Connolly et al. 2007; Hagler et al. 2007; Levy et al. 2007; Medendorp et al. 
2005). 
We reasoned that an adequate test of these confl icting views would require independ-
ent experimental manipulations of eff ector selection and goal processing. Most of the 
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studies mentioned above, however, collapsed these two control parameters into a sin-
gle explanatory variable, and focused on the steady states toward which neural activity 
evolves, rather than on the more informative transient dynamics leading to those states 
(Durstewitz and Deco 2008).
Here we have studied the planning and execution of eye and hand movements, by parti-
tioning them over spatial goal, motor eff ector, and time (Beurze et al. 2007; Hoshi and 
Tanji 2000). By using fMRI to characterize the temporal evolution of neural activity, we 
tested the contributions of diff erent portions of the motor system to the processing and 
integration of eff ector and spatial goal information, in the context of saccadic or reach-
ing movements. Our results show that the degree of spatial and eff ector selectivity varies 
gradually over the parietal-frontal cortex, changing over time during the built up of the 
movement plan. For further comparison, we related these results to the fi ndings of our 
previous study on right-hand vs. left-hand movement, using the same paradigm (Beurze 
et al. 2007). 
4.2 Methods
4.2.1 Subjects and ethics approval
Fourteen healthy, right handed subjects with normal or corrected-to-normal vision par-
ticipated in this study (seven male, seven female). Th eir mean age was 26 ± 4 years. All 
subjects gave their written informed consent in accordance with the institutional guide-
lines of the local ethics committee (CMO Committee on Research Involving Human 
Subjects, region Arnhem-Nijmegen, the Netherlands). One or two days before scanning, 
all subjects practiced the task using a mock set-up in order to familiarize themselves with 
the experimental requirements. Also, they performed a couple of monitored practice 
runs inside the scanner prior to the actual experiment. Two subjects (authors) were aware 
of the purpose of the paradigm.
4.2.2 Experimental setup
Subjects were placed in the scanner with their head and shoulders tilted upwards by 
means of a wooden torso support board, upon which the phased-array receiver head coil 
was attached. Within the head coil, the head and neck were tilted and stabilized with 
foam wedges and sandbags. Th e standard mattress of the scanner bed was replaced with 
a thinner one, so that subjects were lower in the scanner bore, in order to compensate 
for the torso tilt. Th e elbows were positioned on cushions and a foam block was placed 
underneath the knees for comfort. Subjects were strapped at the level of the chest, just 
above the elbows, to prevent excessive movements. A magnetic resonance (MR) compat-
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ible keypad (MRI Devices, Waukesha, WI) was placed on their lap, a few centimeters 
away from the body midline, and was pressed by the index fi nger of the right hand. Th e 
keypad served to record the start and fi nish of the reaching movements.
A stimulus device was attached to a wooden arch of about 40 cm in height that was 
placed over the subject’s hips, so that the device was about 80 cm away from the eyes. Th e 
tilted position allowed subjects a direct line of sight to this device, without using mir-
rors, making the task as natural as possible. Th e stimulus device contained one central 
multicolor (red, orange, green) light-emitting diode (LED) and, for target instruction, 
two peripheral orange LEDs on either side, arranged at an eccentricity of about 7° and at 
angular elevations of 18° and -18°, respectively, from the central LED. Th e experiment 
was performed in complete darkness, so that the only visual input consisted of the LEDs 
on the stimulus device.
Stimuli were controlled using Presentation software (Neurobehavioral Systems, San 
Francisco, CA). Th is program also recorded the reaching data. Furthermore, posi-
tion of the left eye was recorded using a long-range infrared video-based eyetracker 
(SensoMotoric Instruments, Berlin, Germany) at a frequency of 50 Hz.
4.2.3 Experimental paradigm
We used a two-stage delayed instruction paradigm to separate right hand movements 
from eye movements, the same as used in previous studies testing right- versus left hand 
movements (Beurze et al. 2007). Subjects received two types of information: eff ector 
choice (indicated by a color change of the central fi xation LED) and target location (a 
brief fl ash of one of the peripheral LEDs). Th e two cues were presented in random order 
during the experiment, resulting in target-eff ector and eff ector-target trials. 
As shown in Figure 4.1, a trial started with the appearance of a central fi xation LED, 
which subjects had to fi xate during the entire trial, except when they had to perform an 
instructed saccade. After a variable delay of 2-4 seconds, the fi rst cue was presented. In 
the case of a target-eff ector trial, this cue consisted of a brief fl ash (250 ms) of one of the 
peripheral LEDs left or right from the central fi xation LED. Th en, after another delay of 
3-5 seconds, the central LED changed color to either red or green, indicating the use of 
either the right hand or the eyes for the upcoming movement. Next, 1-5 seconds after 
the second cue, the central LED changed back to orange, serving as a go-signal for the 
subject to perform the instructed movement towards the remembered target, and then 
back to the hand’s starting position or central eye fi xation. After a variable delay of 2-6 
seconds, the central LED would turn off  and on again, indicating the start of a new trial. 
Eff ector-target trials were similar to target-eff ector trials, but with reversed order of eff ec-
tor and target cues.
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Duration of a total trial was jittered between 8 and 20 seconds. To further optimize 
the paradigm, after every fi ve trials there was a longer (13-17 seconds) period of central 
fi xation to allow the blood oxygen level dependent (BOLD) signal to return to baseline 
level. Th e experiment consisted of 160 trials, grouped in blocks of 20 trials. Between two 
blocks, subjects had a brief pause of 30 seconds, during which they could freely move 
their eyes. Th e upcoming start of a new block was indicated 5 seconds beforehand by a 
three-fold fl ash of all LEDs on the stimulus device. Th e total experiment had a duration 
of 49 minutes. 
4.2.4 Behavioral analysis
Trials could be rejected based on the reaching data if 1) subjects made a reaching move-
ment before the go-signal, 2) subjects made a reaching movement when a saccade 
was instructed, or 3) subjects failed to make a reaching movement when a reach was 
instructed.
Eye movements in all trials were visually inspected to determine the start time of the sac-
cade toward the target and end time of the saccade back to central fi xation. Trials were 
rejected if 1) subjects were not able to keep central fi xation during the planning phase, 
2) subjects made a saccade when a reach was instructed, or 3) subjects made no saccade 
when a saccade was instructed. Due to technical problems, eye movement data in one 
subject were missing in 36% of the saccade trials.
fixation
2-4 s
cue 1: TARGET
250 ms
fixation
3-5 s
cue 2: EFFECTOR
1-5 s
movement
2-6 s
fixation
2-4 s
cue 1: EFFECTOR
3-5 s
cue 2: TARGET
250 ms
fixation
1-5 s
Effector - TargetTarget - Effector
Time
Figure 4.1. Sequential instruction paradigm. Subjects fi xated a central LED and prepared a 
movement instructed by two successive visual cues: target location (brief fl ash of a peripheral LED 
either left or right) and eff ector choice (color change of the central LED, indicating the use of either 
the right hand or the eyes), presented in random order. A go-signal prompted the execution of the 
movement, which in case of a reach had to be performed while maintaining central eye fi xation.
Chapter 4
87
We characterized the correct trials by the reaction time (RT) of the movement: the time 
between the onset of the go-cue and the start of the movement. Also, the mean move-
ment duration time (MT), the time between onset and end of the movement was deter-
mined. Statistical tests on behavioral response measures were performed with the Type I 
error set at the 0.05 level (P < 0.05).
4.2.5 Magnetic resonance imaging (MRI)
Functional images were acquired on a Siemens 3-Tesla MRI system (Siemens Trio TIM, 
Erlangen, Germany). Using an eight-channel phased-array head coil, 28 axial slices were 
obtained by a gradient-echo planar imaging sequence (slice thickness 3 mm, gap = 17%, 
in-plane pixel size 3.5 x 3.5 mm, TR = 2060 ms, TE = 35 ms, FOV = 224 mm, fl ip angle 
= 80°). All 1435 functional images were acquired in one run, lasting 49 minutes. After 
this, high-resolution anatomical images were acquired using a T1-weighted MP-RAGE 
sequence (192 sagittal slices, voxel size = 1 x 1 x 1 mm, TR = 2300 ms, TE = 2.92 ms, 
FOV = 256 mm, fl ip angle = 8°).
4.2.6 fMRI data analysis
Using BrainVoyager QX (Brain Innovation, Maastricht, Th e Netherlands), fMRI data 
were pre-processed and modeled as in Beurze et al. (2007). Subsequent analyses were 
performed using Matlab (Th e Mathworks, Natick, MA) and SPSS (SPSS, Chicago, IL). 
Th e fi rst three volumes of each subject’s data set were discarded to allow for T1 equili-
bration. Functional images were corrected for slice scan time acquisition and motion. 
Data were temporally fi ltered by using a high-pass fi lter of 11 cycles per time course 
(fi lter cutoff  ± 268 s). Th e functional images were co-registered with the anatomical scan 
and transformed into Talairach coordinate space using the nine-parameter landmark 
method of Talairach and Tournoux (1988). Th e images were smoothed with an isotropic 
Gaussian kernel of 8-mm full-width-at-half-maximum. 
Data were analyzed using a standard general linear model (GLM). We defi ned sixteen 
predictor functions for each of the fourteen subjects (Table 4.1). Four predictor func-
tions modeled the response to the fi rst instruction (cue1), according to the information 
conveyed by this cue: leftward target (LT), rightward target (RT), eff ector eye (E) and 
eff ector right hand (H). Th e second cue (cue2) added further information for building 
up the movement plan. For example, if the fi rst cue signaled the use of the right hand, 
the second cue would necessarily instruct a target either in the left visual fi eld or in the 
right visual fi eld. Th is results in two possible predictor functions; hand to leftward target 
(H_LT) and hand to rightward target (H_RT). In this manner, the second cue was mod-
eled by eight diff erent predictors. Finally, the response to the go-signal was modeled by 
four diff erent predictor functions: performing a saccade to a remembered target either in 
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the left or in the right visual fi eld, and reaching with the right hand into the left or right 
visual fi eld, independent of the order of presentation of the cues.
To construct each of the predictor functions, we defi ned a box car function extending 
over each instance of the corresponding time epoch occurring in each subject’s run, and 
convolved it with the hemodynamic response function (modeled using a gamma func-
tion with a tau of 2.5 s and a delta of 1.5 s). By using these regressors for cue1, cue2 and 
go/movement, we were able to study separately three stages in the sensorimotor process: 
the information processing stage (cue1), the movement preparation stage, consisting of 
further information retrieval and integration of all available information into a move-
ment plan (cue2), and the movement execution stage (after the go-signal). In addition, 
we incorporated eight predictors of no interest. One regressor captured the error trials, as 
defi ned by the criteria described above. Six regressors were designed to represent the head 
motion, modeled using the six parameters provided by BrainVoyager’s motion correction 
algorithm. Finally, even with the head perfectly stabilized, the movement of the hand 
and lower arm near the head coil can induce signal changes in the images (Diedrichsen 
et al. 2005). Th erefore, one regressor was used to model the changes in the mean signal 
intensity of the cerebrospinal fl uid (CSF), representing the magnetic fi eld fl uctuations 
due the hand motion in the magnetic fi eld (Beurze et al. 2007).
GLMs were calculated on individual subject data sets with a correction for serial cor-
relations in the time courses. A random-eff ects group analysis was performed to test the 
eff ects across subjects. To correct for multiple comparisons, we used the false discovery 
rate (FDR) controlling procedure with a maximum threshold value of q(FDR) = 0.05 
(Genovese et al. 2002).
4.2.7 Statistical inference and regions of interest (ROIs)
Using random-eff ects group analyses, contrasts relative to the baseline (fi xation) were 
computed individually for each of the 16 regressors, for the three time epochs (cue1, 
Table 4.1. Overview of the sixteen regressors of interest in the model. Cue1 signaled either a leftward 
(LT) or a rightward (RT) target, or the instruction to use the eyes (E) or hand (H) in the upcoming 
movement. Cue2 conveyed complementary information. Hence, the movement (Mov) instructed 
either a leftward saccade (sac_L), a rightward saccade (sac_R), a leftward reach (reach_L), or a 
rightward reach (reach_R).  Each movement was instructed in two diff erent ways, depending on 
the information presented by cue1 and cue2.
Cue1 LT RT E H
Cue2 LT_E LT_H RT_E RT_H E_LT E_RT H_LT H_RT
Mov sac_L reach_L sac_R reach_R sac_L sac_R reach_L reach_R
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cue2 and movement) and for subsets within these time epochs (e.g. cue2 for hand move-
ments (cue2_hand) and cue2 for eye movements (cue2_eye)). To compare the activity 
in areas active for both the preparation of eye and hand movements, we performed a 
conjunction analysis for cue2_hand > fi xation with cue2_eye > fi xation. Centered on 
each point of peak activation in the frontoparietal areas in the resulting map, a region-
of-interest was defi ned as all the contiguous voxels within a cubic cluster of 8 x 8 x 8 mm 
that exceeded a threshold of q(FDR) < 0.01. To further characterize these ROIs, mean 
beta-weights for certain combinations of regressors were computed and used for post-
hoc comparative analysis using repeated measures analyses of variance (ANOVA), setting 
the Type I error at the 0.05 level (P < 0.05). 
4.2.8 Indexing eff ector and spatial goal selectivity
In order to further specify the eff ector selectivity over the parietofrontal cortex, without 
limiting the analysis to ROIs, we computed index maps, which represented the degree 
of eff ector or spatial goal selectivity for each voxel in isolation. We computed these maps 
for each of the three stages of movement preparation and execution: cue1, cue2 and the 
movement period following the go-signal. In the eff ector maps, we only included voxels 
that had increased activity during the various phases relative to fi xation, based on con-
trast maps for eye > fi xation and hand > fi xation (qFDR < 0.05). To compare reaches to 
saccades, the eff ector index was defi ned as the diff erence between the response during 
saccade trials from that of hand trials, divided by their sum (Stark and Zohary 2008). 
Th e index value could thus range from -1 (completely eye-specifi c) to 1 (completely 
hand-specifi c). Spatial goal selectivity maps were computed by subtracting the responses 
to leftward targets from the responses to rightward targets, and dividing this diff erence 
by the sum. 
4.2.9 Left hand versus right hand movements
In a recent study, we applied the same paradigm to study the cortical mechanisms for the 
planning and execution of left hand vs. right hand movements in a group of 16 subjects 
(Beurze et al. 2007). Here we use part of those data for purposes of illustration, compari-
son and validation.  
4.3 Results
4.3.1 Task performance
Table 4.2 presents the percentage correct trials, reaction time, and movement duration 
of saccades and reaching movements to leftward and rightward targets, averaged across 
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subjects, as recorded during the fMRI experiment. On average, subjects scored > 90% 
correct responses for all conditions. A 2x2 repeated-measures ANOVA with target loca-
tion (left/right) and eff ector (eye/hand) as factors revealed no signifi cant main eff ect 
(target location: F(1,13) = 0.06, P = 0.81; eff ector: F(1,13) = 0.1, P = 0.76) or interaction 
eff ect (F(1,13) = 0.05, P = 0.82). Th is means that there was no diff erence in performance 
for saccade versus reaching trials.
Reaction time analysis of the correct responses revealed a mean reaction time of 443 ± 84 
ms (mean ± standard deviation (SD)) for saccades and 621 ± 108 ms for reaches, which 
is consistent with previous reports (Beurze et al. 2007; Macaluso et al. 2007). Th e latency 
diff erences between saccades and reaches were statistically signifi cant (F(1,13) = 91, P < 
0.01), irrespective of the location of the target (F(1,13) = 1.1, P = 0.31). However, subjects 
that were fast responders for saccades also had shorter reaction times for reaches and vice 
versa (r = 0.71) and the same was true for the movement durations (r = 0.75).
Th e mean movement duration of a to-and-fro movement was 1025 ± 167 ms (mean ± 
SD) for saccades and 1487 ± 474 ms for reaching trials, indicating that subjects always 
had their fi xation back to center or their hand returned to the starting position before 
cue1 of the next trial appeared. Diff erences between saccades and reaches were signifi cant 
(F(1,13) = 22, P < 0.01), irrespective of target location (F(1,13) = 2.4, P = 0.14).
To allow comparison of fMRI activation for saccades with that for reaches, their diff er-
ences in reaction time and movement duration were incorporated in the GLM model 
(see Methods).
4.3.2 fMRI activation data
To keep connection with previous studies lumping target and eff ector processing into a 
single state, we have organized this section by fi rst describing the results of the second 
stage of our instruction paradigm in order to defi ne the parietofrontal regions involved 
in movement preparation. Next, we expand on these fi ndings by indexing spatial and 
Table 4.2. Percentage correct performance, mean reaction times (RT), and mean movement dura-
tion times (MT) for each of the four movements. Values are ± SD.
Condition Performance (%) RT (ms) MT (ms)
Saccade to leftward target 93.8 ± 3.4 448 ± 91 1012 ± 189
Saccade to rightward target 94.3 ± 6.2 438 ± 79 1039 ± 150
Reach to leftward target 92.7 ± 5.2 623 ± 113 1474 ± 451
Reach to rightward target 90.2 ± 5.8 619 ± 107 1501 ± 507
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eff ector selectivity of all three stages of the task paradigm; eff ector information retrieval, 
motor preparation and execution, respectively. 
4.3.2.1 Parietofrontal areas involved in the preparation of saccades and reaches 
Using a random-eff ects analysis, we fi rst identifi ed regions of the cortex that were acti-
vated in the second stage of the paradigm, when preparing either a saccade or a right hand 
movement. Figure 4.2A shows an overview of these results, rendered onto an infl ated 
representation of both hemispheres of a single subject, providing a direct overview of the 
activated voxels relative to other anatomical landmarks. Th e map for saccade preparation 
demonstrates a large overlap with that of reaching, except near the central sulcus. For 
comparison, Figure 4.2B demonstrates the activation patterns when planning left-hand 
movements versus right-hand movements, as collected by Beurze et al. (2007) using the 
A
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Right hand Conjunction hand and eyeEyeLeft hand
Left hemisphere Right hemisphere
sPMd SMA CMA
PO
SMACMA
PO
iPMd
cIPS
aIPS
M1PMv iPMd PMv
cIPS
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M1 sPMd
Figure 4.2. Brain activation during movement planning, presented on the semi-infl ated hemi-
spheres of a single subject. A. Saccades (blue voxels) vs. right hand movements (red voxels). B. 
Right hand movements (red voxels) vs. left hand movements (green voxels), by a re-analysis of 
data from Beurze et al. (2007). C. Conjunction analysis; circles indicate the location of peak acti-
vation within the regions-of-interest. A parietal-frontal network including the supplementary and 
cingulate motor areas (SMA, CMA), superior and inferior dorsal (sPMd, iPMd) and ventral (PMv) 
premotor cortex, regions along the intraparietal sulcus (cIPS, aIPS) and parieto-occipital sulcus 
(PO) is involved in movement preparation of both hand and eye movements. Primary motor cor-
tex (M1), which was not activated during saccade planning, was included as a region-of-interest 
in further analyses. All maps, P < 0.01, FDR-corrected.
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same paradigm (see Methods). As shown, there is also a large overlap in activation during 
the planning of left hand and right hand movements, although there is a strong prefer-
ence for the contralateral hand in each hemisphere, most noticeably near the central 
sulcus. Th e map for right hand movement preparation resembles the corresponding map 
in Figure 4.2A nearly perfectly, as should be the case given the identical task constraints. 
To examine the overlap of the saccade and reach-related activation maps, we performed 
a conjunction analysis the results of which are shown in Figure 4.2C. Common activa-
tion was found bilaterally in the lateral and medial regions both caudally (cIPS) and 
more anterior (aIPS) in the intraparietal sulcus (Astafi ev et al. 2003), as well as in the 
parieto-occipital sulcus (PO) (Quinlan and Culham 2007). Within the frontal lobe, sig-
nifi cant responses were observed in the precentral gyrus and sulcus, which correspond to 
the dorsal and ventral premotor areas (PMd/PMv) (Picard and Strick 2001). Th e PMd 
region showed two separate areas of activation, a more superior (sPMd) and an inferior 
(iPMd) area. On the medial wall, activation extended from the superior frontal sulcus, 
corresponding to the supplementary motor area (SMA) (Picard and Strick 2001), into 
the posterior rostral and caudal zones of the anterior cingulate sulcus, corresponding to 
the cingulate motor area (CMA) (Picard and Strick 2001). 
Table 4.3 lists the average Talairach coordinates (in millimeters) of the voxel with peak 
activation within each parietofrontal region that was defi ned as region-of-interest (ROI) 
by the conjunction analysis (Figure 4.2C), and its t-value across subjects. Additionally, 
primary motor cortex (M1) (Yousry et al. 1997) was included in the list of ROIs for 
further comparison, although this region only showed activity for reaches, not for eye 
movements.
4.3.2.2 Eff ector selectivity during movement preparation 
Although the conjunction analysis revealed the areas commonly involved in planning 
hand and eye movements, these regions may not necessarily respond in the same manner 
for these eff ectors. We computed index maps (see Methods) to address this issue, using 
only voxels that were signifi cantly active during movement preparation (cue2 > fi xation, 
q(FDR) < 0.05). Th e index map was specifi ed by computing for each voxel the diff er-
ence between its beta value for two respective movement conditions (e.g. eye versus right 
hand) divided by the sum of these beta values (thus, index = (beta1-beta2) / (beta1 + 
beta2)). As a result, index values will range between -1 to +1. Using color-coding, Figure 
4.3A shows voxels with a preference for right hand movements in red (index >0) and 
voxels with a preference for eye movements in green (index < 0).
Th e index map reveals a preference for hand movements across the parietal-frontal net-
work, except for a region near the parieto-occipital sulcus. It further shows a clear gradi-
ent building up from nearly no diff erence in activity for the two eff ectors in the back 
and front of the brain, to a strong preference for hand movement planning in regions 
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surrounding the primary motor cortex. To test the signifi cance of these observations, 
we performed an ANOVA-analysis on the areas as defi ned in our ROI-analysis (Figure 
4.2C), pooled across hemispheres. A signifi cant main eff ect (F(1,13) > 6.0, P < 0.05) for 
eff ector was found in SMA, CMA, sPMd, iPMd, cIPS, aIPS and M1, all showing a pref-
erence for reaches over saccades. 
To further validate the effi  cacy of the index maps in depicting characteristics of the data, 
Figure 4.3B illustrates the index maps comparing right and left hand movements. Th e 
map demonstrates the distinct preference of each hemisphere for the contralateral over 
the ipsilateral hand, as already suggested by Figure 4.2. More lateral brain regions show 
a stronger contralateral bias than the more medial areas. Furthermore, the index map 
shows a gradient building up from the precentral to the central sulcus and from the intra-
parietal sulcus to the central sulcus with a growing preference for the contralateral hand 
in each hemisphere. Using an ANOVA-analysis, the signifi cance of these diff erences was 
Table 4.3. Parietofrontal brain regions activated in conjunction during hand and eye movement 
preparation (cue2). Coordinates in mm: x (lateral/medial), y (anterior/posterior) and z (superior/
inferior) according to Talairach and Tournoux (1988). The t-values represent the areas’ statistics 
across all subjects.
Anatomical region Functional label Side x y z t-value
Anterior cingulate sulcus CMA L -12 4 40 6.0
R 6 5 34 8.5
Central sulcus M1 L -32 -21 54 8.4
R 27 -30 54 1.9
Intraparietal sulcus cIPS L -24 -64 46 11.8
R 18 -70 43 14.4
aIPS L -39 -46 43 17.5
R 27 -46 46 13.9
Parieto-occipital sulcus PO L -24 -86 25 10.5
R 12 -79 28 13.6
Precental sulcus sPMd L -24 -16 55 13.0
R 24 -13 49 12.0
iPMd L -41 -13 49 9.4
R 36 -13 49 12.5
PMv L -54 -4 37 8.5
R -44 -7 46 6.7
Superior frontal sulcus SMA L -12 -4 49 12.6
R 9 -10 61 16.1
Spatial and eff ector processing in the human parietofrontal network for reaches and saccades
94
assessed in the ROIs defi ned in Figure 4.2, in a pooled comparison across hemispheres. 
A signifi cant interaction eff ect (F(1,15) > 10.0, P < 0.05)  between hemisphere and eff ector 
was found in PO, SMA, CMA, sPMd, iPMd, aIPS and M1, confi rming the response 
bias for the contralateral hand in these regions, also reported in Beurze et al. (2007). 
4.3.2.3 Eff ector selectivity during movement composition 
So far, we have described only the neural activity at the second stage of movement prepa-
ration, which characterizes the results of the ongoing integration of information about 
eff ector and spatial goals. Th e important next question is, do these regions also respond 
in an eff ector-specifi c manner in the absence of a well-defi ned goal? And, equally rel-
evant, do these regions sustain such eff ector-specifi cic activation observed during the 
second preparation stage during the execution of the planned movement? To answer 
these questions, we examined the processing of an eff ector cue in isolation, i.e., during 
the fi rst stage of movement preparation, by computing the index map for right hand 
versus eye eff ector processing as in Figure 4.3. In the same way, we computed the index 
map for right hand versus eye movements during the third phase, the execution stage of 
the movement. 
Figure 4.4 illustrates the index maps at these three stages of movement prepation (A: 
eff ector information retrieval, B: movement preparation, C: movement execution). 
During the fi rst stage (Figure 4.4A), after signaling the eff ector cue, but without the 
spatial goal information available, none of the brain areas shows a clear eff ector-specifi c 
modulation. Th is was confi rmed by an ANOVA-analysis, showing only a signifi cant 
-0.4 / left hand 0.4 / right hand
-0.4 / eye 0.4 / right hand
A
B
Left hemisphere Right hemisphere
Figure 4.3. Index maps representing eff ector selectivity of the circuitry involved in movement 
planning (P < 0.05, FDR-corrected). A. Saccades vs. right hand movements. B. Left hand vs. right 
hand movements, using data from Beurze et al. (2007).
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main eff ect (F(1,13) = 9.1, P < 0.05) in the parietal-occipital sulcus, with a slight preference 
for the saccade cue. During the second stage (Figure 4.4B, which is a replica of Figure 
4.3B), this changes dramatically, with clear eff ector-specifi c modulations in many brain 
regions, as described above. Next, during the third stage, the movement execution phase, 
there is again a vivid change, with the right hand preference only clearly sustained in the 
left hemisphere (recall, only right hand movements were made). As the two hemispheres 
now show diff erent responses, we performed a separate ANOVA analysis per hemisphere. 
In the left hemisphere, M1 showed a strong and signifi cant preference for reaches (F(1,13) 
= 22.1, P < 0.01). In both hemispheres, the parietal-occipital sulcus was strongly and 
signifi cantly more activated for saccades than for reaches (F(1,13) > 19.0, P < 0.01). No 
signifi cant diff erences in eff ector specifi city were found in the other regions-of-interest. 
Taken together, these phase-related eff ector-specifi c modulations suggest that eff ector-
bias is not a fi xed property of cerebral circuits involved in supporting diff erent phases of 
motor control. Rather, eff ector-bias is a time-varying characteristic of cortical activity as 
the movement composition goes through diff erent stages. 
A
C
B
-0.4 / eye 0.4 / right hand
Left hemisphere Right hemisphere
Figure 4.4. Eff ector selectivity during the three stages of movement generation, comparing sac-
cades and right hand movements. A. First phase, eff ector cue in isolation: although all voxels 
show signifi cant activation (P < 0.05, FDR-corrected) to the eff ector cue, none showed signifi cant 
eff ector specifi city. B. Second phase, eff ector selectivity of the circuitry involved in movement 
planning (replicating Figure 3B). C. Movement execution stage. Eff ector bias of all voxels showing 
a signifi cant response during movement execution (P < 0.05, FDR-corrected).
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4.3.2.4 Spatial goal selectivity during movement composition
Th e results presented thus far concerned the ‘how’ component during movement com-
position. In the following analysis, we investigated the ‘where’ component, i.e. the selec-
tivity of the network to the spatial goal of the movement. To assess spatial goal selectiv-
ity, both with and without eff ector information, we computed index maps comparing 
responses to rightward and leftward target locations at the three respective stages.
During the fi rst stages of movement composition (Figure 4.5A and B), there is indeed 
a clear bias toward contralateral targets distributed over each hemisphere. Signifi cant 
interaction eff ects (ANOVA, F(1,13) > 12.0, P < 0.01) between hemisphere and target side 
were found in PO, cIPS, sPMd, iPMd and PMv. During movement execution (Figure 
4.5C), the preference for contralateral targets remained signifi cant only in PO (F(1,13) = 
9.1, P < 0.05).
Left hemisphere Right hemisphere
-0.2 / left target 0.2 / right target
A
C
B
Figure 4.5. Index maps representing spatial goal selectivity. A. First phase, spatial goal cue in 
isolation: of all voxels that are signifi cantly activated during this cue (P < 0.05, FDR-corrected), 
some show a bias to contralateral target locations. B. Second phase, spatial goal selectivity of 
the circuitry involved in movement planning. The contalateral spatial bias deepens and extends 
compared to the pattern in A. C. Movement execution stage. Spatial goal selectivity of all voxels 
showing a signifi cant response during movement execution (P < 0.05, FDR-corrected).
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4.3.2.5 Spatial goal selectivity versus eff ector selectivity
A comparison of Figures 4.4 and 4.5 shows regions within the parietofrontal network 
that are eff ector-specifi c, spatial goal-specifi c, both, or neither. Th erefore, a combined 
assessment would provide more insights in the relations between these characteristics. To 
visualize the anatomical distribution of spatial goal selectivity in relation to eff ector selec-
tivity, we plotted their relative weight in the areas of interest, as defi ned by the conjunc-
tion analysis in Figure 4.2C, pooled across hemispheres. We performed this analysis on 
the second stage of movement composition only, because no signifi cant eff ector-specifi c 
modulations were found during the fi rst delay period (see Figure 4.4A). 
Figure 4.6 conveys a gradual shift from spatial goal to eff ector selectivity along the poste-
rior-anterior axis in the parietal cortex (Stark and Zohary 2008) while the opposite gradi-
ent appears in the premotor cortex. Th e premotor cortex also shows an eff ector-to-spatial 
gradient in the medial-lateral direction, with clear eff ector dominance in SMA to a high 
degree of spatial-selectivity in PMv. Th e ANOVA analyses described above indicate that 
the only two regions showing both signifi cant eff ector and spatial goal selectivity during 
the movement preparation stage are PMd and cIPS, which is consistent with our previ-
ous report (Beurze et al. 2007). Th is indicates that these parietal and frontal regions inte-
grate both spatial and eff ector information, rather than representing either of the single 
sources (Beurze et al. 2007; Stark and Zohary 2008). 
sPMd SMA CMA
PO
iPMd
cIPS
aIPS
M1PMv
Effector index Target index
Figure 4.6. The relative weight of spatial and eff ector selectivity during movement planning 
in the region-of-interest, defi ned in Figure 2C. Gradients of spatial-to-eff ector specifi city can be 
observed in both parietal and premotor cortex, with the cIPS and PMd selective to both goal loca-
tion and eff ector type.
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4.4 Discussion
4.4.1 Overview of main fi ndings
Although it has long been known that parietal and frontal cortices play important roles 
in motor control, the massively recursive nature of their computational architecture has 
prevented a clear distinction of their exact functional contributions (Shadmehr and Wise 
2005). Here we studied the generation of eye and hand movements, using a sequential-
instruction paradigm to isolate spatial goal and eff ector processing as well as the ongoing 
integration of this information as the cerebral activity behind a movement unravels over 
time and runs through diff erent stages. 
We found that when eff ector information (eyes or hand) was presented fi rst, and goal 
information was left unspecifi ed, a large parietal-frontal network was recruited, but in 
an eff ector-independent manner (Figure 4.4). In contrast, when spatial goal information 
was presented fi rst, leaving the type of eff ector unspecifi ed, the activation in virtually the 
same network depended on the location of the target (Figure 4.5). Th us, in the fi rst phase 
of the sensorimotor transformation, spatial goals map onto spatially segregated brain 
processes, whereas the selection between a saccade and a reach does not. 
Spatial goal selectivity along the parietal-frontal network was sustained and extended 
during the planning phase (Figure 4.5B), when eff ector information was added to the 
movement composition. In this case, i.e., when spatial goal and eff ector information 
were both specifi ed, we found a large overlap in the neural circuitry involved in the 
planning of eye and hand movements (Figure 4.2). Strikingly, some areas (SMA, CMA, 
PMd, IPS) now also exhibited clear preferences for one eff ector over the other (Figure 
4.3), although none was found to respond exclusively to either eff ector. Th is signifi cant 
eff ector specifi city during the second stage of movement planning is in agreement with 
previous work (Calton et al. 2002; Levy et al. 2007; Medendorp et al. 2005; Snyder et 
al. 1997). Because of their eff ector-specifi c nature, these co-activations cannot be inter-
preted as mere sensory or attentional representations (Quian Quiroga et al. 2006). 
Based on these results, we conclude that eff ector-specifi city is not a fi xed property of 
the motor system, but rather an attribute whose strength depends on the status of the 
movement plan. Th is corroborates the fi ndings by Hoshi and Tanji (2004), showing that 
eff ector representations build up and become stronger closer to movement execution in 
certain motor areas as well as the recent observations that neural variability decreases as 
the movement approaches in time (Churchland et al. 2006). During movement execu-
tion, we found eff ector specifi city for hand versus eye movements sustained in only a few 
regions, with the contralateral primary motor and somatosensory cortices being entirely 
hand-specifi c and a medial occipital region biased to saccade execution (Figure 4.4). 
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Th e latter observation is perhaps best explained by an anticipation of the sensory conse-
quences of the eye movements (Medendorp et al. 2003; Merriam et al. 2007).  
4.4.2 Relation to previous work
We emphasize that no previous fMRI study tested both spatial and eff ector process-
ing in isolation, using a sequential instruction task. Nevertheless, our observations of 
widespread spatial goal selectivity confi rm previous imaging results on the contralateral 
representation of target location in parietal and frontal areas (Curtis and Connolly 2008; 
Hagler and Sereno 2006; Kastner et al. 2007; Medendorp et al. 2006; Schluppeck et al. 
2005; Sereno et al. 2001). 
Regarding eff ector specifi city, many previous human imaging studies have reported more 
activation for reaching than saccades, both in regions for which this was expected, such 
as PMd (Connolly et al. 2007) and M1 (Levy et al. 2007), as well as in regions for which 
the monkey literature would predict a saccade preference, including the FEF (Connolly 
et al. 2007) and some regions within the parietal cortex (Levy et al. 2007). Th e present 
study found activation related to saccade execution in occipital cortex, which is also in 
line with previous studies (Levy et al. 2007; Macaluso et al. 2007). Th us, in general, our 
fi ndings support the notion that human fMRI studies do not simply replicate the soma-
totopic fi ndings in monkeys, i.e., we do not show clear distinctions between saccade-
related areas (e.g. LIP, FEF) and reach-related areas (e.g. PRR, PMd) in parietal and 
frontal cortex. In this respect, our results support the conclusion by Levy et al. (2007) 
that the degree of eff ector specifi city is limited in many human cortical areas, transition-
ing gradually from saccade to reach preference when following the hierarchy of areas in 
the occipital, parietal and frontal cortices. 
In a combined assessment, we showed that the relative contribution of spatial and eff ec-
tor selectivity in movement planning diff ered along the parietal-frontal network (Figure 
4.6). Th e eff ector-to-spatial gradient observed over parietal cortex is consistent with fi nd-
ings by Stark and Zohary (2008) during grasping movements. Th e gradient observed in 
frontal cortex has not been reported before, but is consistent with our previous fi ndings 
(Beurze et al. 2007). It is interesting to note that cIPS and PMd are in the middle of 
these gradient axes, consistent with a role in integrating spatial and eff ector information 
in sensorimotor control (Beurze et al. 2007; Chang et al. 2008).  
Furthermore, for comparison and validation purposes, we have re-analyzed part of the 
data of our previous study on left hand vs. right hand movements (Beurze et al. 2007). 
Th ese data support our general conclusion that the degree of eff ector-specifi city depends 
on the status of the movement plan. A notable diff erence with the present fi ndings is 
that eff ector selection between the right and left hands caused some areas to respond to 
the hand use cue, even if the eff ector cue was given as the fi rst instruction. Th is would 
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suggest that selecting between the two hands and selecting between the eyes and hand 
involves diff erent neural mechanisms. 
4.4.3 Limitations of interpretation
Th e present and previous human imaging results do not support the idea of fully distinct 
eff ector-specifi c modules in the brain - the commonly held view based on electrophysi-
ological results in the monkey. We consider it unlikely that this refl ects an interspecies 
diff erence (Koyama et al. 2004), since the monkey has typically appeared a good model 
for studying human sensorimotor control. But one could list other factors that may 
limit the scope of our fi ndings. First, BOLD-imaging and single unit recording are dif-
ferent techniques, with fMRI informing about local information processing and unit 
recordings reporting about the output stage of those computations (Bartels et al. 2008; 
Logothetis 2008). In the monkey, one can simply count the number of neurons active 
in planning a particular movement, and then determine the eff ector preference of that 
region based on the resulting proportions. BOLD-fMRI only assesses the overall activa-
tion of the neurons in that region. Although fMRI measurements cannot diff erentiate 
the proportion of cells involved in eye versus reaching movements, Levy et al. (2007) 
used a method of counting the voxels with a preference for either reaches or saccades 
to determine their eff ector selectivity, an approach most similar to the monkey studies. 
Based on this analysis, they still observed a larger proportion of voxels with a saccade 
preference in the visual areas, and a larger number voxels with a reach preference in the 
intraparietal areas, FEF and motor cortex, consistent with the present study. 
A further reason of why saccadic and reaching activity may be hard to diff erentiate in 
fMRI is that the planning of the movement of the one eff ector may be accompanied with 
a suppression of the other, non-chosen eff ector, perhaps due to the random presentation 
of the eff ector instructions. We can neither exclude the possibility that subjects in fact 
planned multiple eff ector movements and inhibited the non-instructed movements at 
the moment of execution. Moreover, eye movements are also diffi  cult to distinguish from 
attentional processing (Rizzolatti et al. 1987), and attention is needed in both eff ector 
conditions. In the monkey PPC, it was shown that a portion of reach-specifi c neurons 
was activated when a saccade was instructed and vice versa (Calton et al. 2002; Snyder 
et al. 1997). However, when these default plans were countermanded by explicit instruc-
tions, their activity disappeared again.
One could argue that BOLD-fMRI may not distinguish between eff ector selection and 
suppression because the respective excitatory and inhibitory processes both have met-
abolic demands, which both may result in increases in the BOLD signal (Logothetis 
2008). However, recent studies have provided evidence for haemodynamic and meta-
bolic downregulation accompanying neuronal inhibition (Shmuel et al. 2002; Stefanovic 
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et al. 2004), making it unlikely that the eff ects we report are driven by suppression of the 
non-relevant eff ector.  
A concern in our comparison of eff ector-selectivity to spatial goal-selectivity relates to 
an imbalance in the mnemonic components related to spatial and eff ector cues, due to 
technical experimental constraints. In our paradigm, the goal cue was a brief fl ash that 
had to be memorized; the eff ector cue remained present till the go-signal of the move-
ment. Could the latter explain the absence of eff ector-selectivity (eye vs. hand) after 
the fi rst cue, as if subjects did not process the information yet? We do not consider this 
explanation very likely because the same paradigm testing left-hand vs. right-hand move-
ments did reveal eff ector-specifi c modulations, also when presented as the fi rst cue. Also, 
our rapid event-related fMRI design, with the short and variable delay intervals, placed 
a strong incentive for subjects to start movement preparation after cue presentation. In 
further support, recent studies have shown that a continually present cue induces robust 
motor-related activation, ramping up as the motor plan evolves (Curtis and Connolly 
2008). 
Finally, we should emphasize that our interpretation regards the selection and integra-
tion of eff ector and spatial goal information for movement planning. While the eff ector 
information only concerned ‘how’ to act, we note that the initial position of the eff ector 
is also an important variable in the integration process. In this respect, it would be inter-
esting, in future work, to apply the paradigm to distinguish between brain areas linked 
to the representation of the eff ector location and those linked to target location (Beurze 
et al. 2006). 
4.4.4 An effi  cient coding principle?
Because reaches and saccades are naturally coupled in daily life, a regional overlap for the 
planning of these movements in the brain may be quite viable. In close connection, it 
has recently been suggested that the topology as found in the motor cortex is not based 
solely on the separate functions of the body parts, but rather on a clustering of relevant 
action categories (Graziano and Afl alo 2007), one of which may be eye-hand coordina-
tion. Although this does not directly change the current knowledge on how the monkey 
cortex is organized, it may dispute the principles that led to this organization. In this 
context, it would be interesting to examine how the planning of movements of other 
body parts (e.g. the feet) is organized within the parietofrontal network.
From the perspective of parsimonious coding, Levy et al. (2007) suggested that it makes 
little sense to have separate machinery for coding similar planned movements that only 
diff er in the eff ector used to execute them; especially for two eff ectors that so often 
accompany each other. Furthermore, the literature suggests that the overlapping cir-
cuitry may operate in limb-independent, eye-centered coordinates (Batista et al. 1999; 
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Medendorp et al. 2003; Van Pelt and Medendorp 2008), which would support the idea 
that the planning of actions from diff erent eff ectors takes place in a common frame of 
reference (Andersen and Buneo 2002; Beurze et al. 2006).
In summary, the present study revealed diff erent involvement of parietofrontal areas in 
the processing of spatial goal and eff ector information, which changed over time depend-
ing on the status of the movement plan. Although these fi ndings provide important 
insights in the organization of the human parietofrontal network, it remains a challenge 
for future studies to further clarify the processes in these areas underlying the planning 
and execution of reaches and saccades. Studies of these processes will not only be impor-
tant to design realistic models of sensorimotor physiology, but also to understand the 
disorders that arise when damage or dysfunction occurs.
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5.1 Introduction
In order to reach to a visual object, a local pattern of retinal stimulation caused by the 
object must be transformed into a correct set of muscular contractions of the arm and 
hand. It is generally believed that at some stage(s) of this visuomotor transformation, the 
brain computes the diff erence vector between target and hand location (the hand-target 
movement vector), which it then further parses into motor commands by processing 
independently the amplitude and direction of this vector (Ghez et al. 1997; Rossetti et al. 
1995; Vindras and Viviani 1998; Vindras et al. 2005). A complexity in the computation 
of the diff erence vector is that the sensory representations of target and hand position 
may be coded in diff erent reference frames, depending on contextual conditions and task 
constraints (Sainburg et al. 2003; Sober and Sabes 2003, 2005). Vision reports the loca-
tions of targets relative to the retina, i.e., in a gaze-centered frame of reference. Th e initial 
location of the hand can also be extracted visually, when in view, or can be derived from 
proprioceptive information from the arm, which is coded somatotopically, as relative 
joint angles in body-centered coordinates (Gardner and Costanzo 1981). To calculate the 
diff erence vector in a spatially consistent manner, it has been argued that the brain must 
code target and hand locations in the same reference frame (Andersen and Buneo 2002; 
Buneo et al. 2002; Flanders et al. 1992).
Previous literature proposed that the brain computes the diff erence vector in body-
centered coordinates - an operation which requires target location to be transformed 
into a body-centered reference frame (Flanders et al. 1992; McIntyre et al. 1997). More 
recent fi ndings, however, have challenged this notion by providing evidence for a hand-
target comparison in gaze-centered coordinates (Beurze et al. 2006; Blangero et al. 2007; 
Buneo et al. 2002; Pisella et al. 2009).
For example, from behavioral fi ndings on reach errors it has been inferred that reaching 
movements in visual space are planned in gaze-centered coordinates and updated across 
eye movements (Beurze et al. 2006; Henriques et al. 1998; Medendorp and Crawford 
2002; Van Pelt and Medendorp 2008). Single-unit recordings in monkeys and func-
tional imaging studies in humans have shown an infl uence of gaze in specifi c reach-
related areas of the parietal cortex (Batista et al. 1999; Bédard et al. 2008; Medendorp et 
al. 2003). Furthermore, Prado et al. (2005) showed activation diff erences in the human 
brain when participants reached toward central or peripheral visual targets, which is 
another argument for the importance of gaze-coordinates. Buneo et al. (2002) showed 
that position of the hand relative to gaze modulated the neuronal activity in area 5 of 
the PPC, while Pesaran et al. (2006) discovered that reach-related activity in neurons in 
the dorsal premotor cortex depends on hand, eye and target position. Finally, unilateral 
and bilateral optic ataxia patients with damage in the posterior parietal cortex show reach 
defi cits that refl ect the use of gaze-centered coordinates (Blangero et al. 2009; Buxbaum 
and Coslett 1997, 1998; Jackson et al. 2009; Khan et al. 2005a, b; Pisella et al. 2009).
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While all of these fi ndings are consistent with the idea of a comparison of target and 
hand location in gaze-centered coordinates, a more direct test of this scheme may require 
an investigation at the neural population level. Under the assumption that information 
processes with similar structure and constraints are implemented in spatially contiguous 
patches of cortex (Graziano and Afl alo 2007), here we address the cerebral relevance 
of gaze-centered computations in sensorimotor transformations, as compared to body-
centered contributions. More specifi cally, we tested human subjects in 3T fMRI, while 
they planned (and performed) goal-directed reaching movements starting from various 
initial hand positions while keeping gaze fi xed in various directions.
We hypothesized that brain areas that compute a diff erence vector in gaze-coordinates 
respond more strongly when target and hand are both at peripheral coordinates in the 
gaze frame than when either of these is at the origin of the gaze-centered coordinate 
frame (Jackson et al. 2009). Th e motivation for this hypothesis is shown in Figure 5.1: 
when the target is foveated (the most naturalistic situation), the diff erence vector from 
hand to target is simply the inverse of the vector that defi nes the hand position in gaze-
centered coordinates (Figure 5.1A). By the same token, when the hand is foveated, the 
diff erence vector simply equals the vector representing the target in gaze-centered coor-
dinates (Figure 5.1B). However, computing a diff erence vector for a reaching movement 
to a peripheral target with peripheral hand position requires the brain to simultaneously 
represent the spatial location of the target in gaze-centered coordinates and the initial 
position of the hand in gaze-centered coordinates (Figure 5.1C), which increases the 
computational demands, and thus the metabolic cost, compared to the conditions of 
Figure 5.1A and B. 
Furthermore, it is important to point out that a gaze-centered movement vector must 
still be transformed into a body-centered, joint-based motor command in order to actu-
ally execute the movement (Beurze et al. 2006; Blohm and Crawford 2007). Th is trans-
Figure 5.1. Computing the diff erence vector in gaze-centered coordinates. A. When the target (T) 
is foveated (F), the diff erence vector (DV) is the opposite of the vector (He) representing the initial 
hand position (H) in gaze-centered coordinates. B. When the hand is foveated, the diff erence vec-
tor equals the vector (Te) representing the target position (T). C. When both the target and the 
initial hand position are in the visual periphery, the diff erence vector has to be computed from the 
two vectors representing these positions in gaze-centered coordinates.
Te HeF
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formation involves an inverse model of the arm (Shadmehr and Wise 2005). Because the 
internal model requires the actual posture of the arm as input, this transformation likely 
relies on body-centered, proprioceptive information about hand position (Beurze et al. 
2006; Goodbody and Wolpert 1999; Sober and Sabes 2003, 2005). 
Our results show gaze-centered integration eff ects in both bilateral dorsal premotor areas 
and an area in the left posterior parietal cortex, suggesting that the computations of 
the transformation for reaching involve locations of target and hand in gaze-centered 
coordinates. Body-centered hand position eff ects were also found, in regions closer to 
the primary motor cortex, which may be related to the implementation of a joint-based 
motor command.
5.2 Methods
5.2.1 Subjects and ethics approval
Fourteen healthy, right-handed subjects with normal or corrected-to-normal vision par-
ticipated in this study (six male, eight female). Th eir mean age was 23 ± 5 years (ranging 
from 19 to 38). All subjects gave their written informed consent in accordance with the 
institutional guidelines of the local ethics committee (CMO Committee on Research 
Involving Human Subjects, region Arnhem-Nijmegen, the Netherlands). Several days 
prior to scanning, subjects received written instructions on the paradigm, so that they 
could familiarize themselves with the experimental requirements. Th ey were trained on 
the task for ten minutes shortly before they were placed inside the scanner, and per-
formed a number of monitored practice runs inside the scanner prior to the actual exper-
iment. One subject (one of the authors) was aware of the purpose of the paradigm; the 
others were naive and were paid for their time.
5.2.2 Experimental setup
Subjects were placed in the scanner on a thin mattress, with their torso positioned on a 
wooden support board, so that their head and shoulders were tilted upwards. Attached to 
this support board was the phased-array receiver head coil, in which the head and neck of 
the subject were tilted and stabilized with foam wedges and sandbags. Th e elbows were 
positioned on cushions and a foam block was placed underneath the knees for comfort. 
Subjects were strapped at the level of the chest, just above the elbows, to prevent exces-
sive movements. 
Two wooden arches were placed over the subject’s body: one containing the stimulus 
device, the other containing three touch buttons to record the hand’s onset and move-
ment times. Th e stimulus device was placed such that the stimuli were about 90 cm away 
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from the eyes, at the level of the hips. Subjects had a direct line of sight to the stimuli, 
making the task as natural as possible. Th e stimulus device contained seven multicolor 
(red, orange, green) light-emitting diodes (LEDs), spaced either approximately 2.5° or 
5° apart (Figure 5.2A). Th e experiment was performed in complete darkness, so that the 
only visual input consisted of the LEDs on the stimulus device.
Th e hand’s button box was attached to the second wooden arch of about 30 cm in height 
that was also placed over the subject’s body, at the level of the abdomen. It contained 
three touch buttons measuring 9.7 x 4 cm. Th e right index fi nger of the subject rested at 
one of these buttons during the entire experiment, except when an arm movement had 
to be made to one of the target LEDs. Th ese buttons served to record the starting and 
ending time of the instructed movements. 
Stimuli were controlled using Presentation software (Neurobehavioral Systems, San 
Francisco, CA). Th is program also recorded the reaching data. Furthermore, posi-
tion of the left eye was recorded using a long-range infrared video-based eye tracker 
(SensoMotoric Instruments, Berlin, Germany) at a frequency of 50 Hz and continu-
ously inspected during the experiment in order to confi rm subjects’ task behavior and 
vigilance.
5.2.3 Experimental paradigm
We used an instruction paradigm (Figure 5.2B) very similar to that used in a previous 
behavioral study (Beurze et al. 2006). A trial started with the presentation of a green 
LED, which subjects had to fi xate and point at (placing the fi nger on the button just 
beneath it). After 2.5 seconds, the green light extinguished and a red light appeared, 
either at the same or at a diff erent position. Subjects had to keep their fi nger at the posi-
tion of the green light and fi xate this red light. After 5.5 seconds, an orange target light 
appeared, either at the same position as the LED light indicating gaze direction, thus as a 
foveal target, or at a diff erent location, in the retinal periphery. Subjects had to view this 
target position, without changing their gaze toward it. Th en, after a variable delay of 1-8 
seconds, all lights extinguished and subjects had to make a pointing movement toward 
the remembered target while keeping their eyes fi xed at the instructed fi xation point. 
Th e amplitude of the movement was 5° for every reach. After 2-6 seconds, a green LED 
appeared, indicating the initial hand position for the next trial.
Duration of a trial was jittered between 10 and 22 seconds. Th e experiment consisted of 
160 trials, grouped in blocks of 20 trials. Between two blocks, subjects had a brief pause 
of 30 seconds, during which they could freely move their eyes and rest their hand. Th e 
upcoming start of a new block was indicated 5 seconds beforehand by a three-fold fl ash 
of all LEDs on the stimulus device. Th e total experiment had a duration of 49 minutes. 
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5.2.4 Behavioral analysis 
Eye movements were visually inspected in all trials, which confi rmed that subjects kept 
the fi xation instructions: on average, fi xation was broken in less than 2.5% of the trials. 
We further characterized trials by the reaction time (RT) of the reaching movement: the 
time between the onset of the go-cue and the start of the movement. Across subjects, 
this revealed a mean reaction time of 546 ± 114 ms (mean ± SD), which is consistent 
with previous reports (e.g. Beurze et al. 2007, 2009; Macaluso et al. 2007). Th e mean 
movement duration time - the time between onset and end of the movement - was 510 
± 258 ms. 
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Figure 5.2. Instruction paradigm. A. Seven multicolor LEDs, positioned at diff erent spatial inter-
vals, were used to indicate initial hand position in green (positions 1, 4, 7), gaze position in red (LED 
positions 2-6) and target position in orange (LED positions 2 and 6). Position 4 is aligned to the 
body midline. B. Subjects placed their hand under visual guidance on the starting position, and 
then shifted their gaze to the instructed eye-position. A target was presented and after a variable 
delay, the LEDs switched off , signaling the go-signal for the reach, which had to be executed while 
keeping fi xation at the instructed gaze-position. Hand- and gaze-position could overlap, as could 
gaze and target position. C. All possible combinations of initial hand position, gaze direction and 
target location, numbered in accordance with the regressors in Table 5.1.
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5.2.5 Magnetic resonance imaging (MRI)
Functional images were acquired on a Siemens 3-Tesla MRI system (Siemens Trio TIM, 
Erlangen, Germany). Using an eight-channel phased-array head coil, 28 axial slices were 
obtained by a gradient-echo planar imaging sequence (slice thickness 3 mm, gap = 17%, 
in-plane pixel size 3.5 x 3.5 mm, TR = 2060 ms, TE = 35 ms, FOV = 224 mm, fl ip angle 
= 80°). All 1435 functional images were acquired in one run, lasting 49 minutes. After 
this, high-resolution anatomical images were acquired using a T1-weighted MP-RAGE 
sequence (192 sagittal slices, voxel size = 1 x 1 x 1 mm, TR = 2300 ms, TE = 3.03 ms, 
FOV = 256 mm, fl ip angle = 8°).
5.2.6 fMRI data analysis
fMRI data were analyzed using BrainVoyager QX (Brain Innovation, Maastricht, Th e 
Netherlands). Subsequent analyses were performed using Matlab (Th e Mathworks, 
Natick, MA) and SPSS (SPSS, Chicago, IL). Th e fi rst three volumes of each subject’s data 
set were discarded to allow for T1 equilibration. Functional images were corrected for slice 
scan time acquisition and motion. Data were temporally fi ltered by using a high-pass fi l-
ter of 11 cycles per time course (fi lter cutoff  ± 268 s). Th e functional images were co-reg-
istered with the anatomical scan and transformed into Talairach coordinate space using 
the nine-parameter landmark method of Talairach and Tournoux (1988). Th e images 
were smoothed with an isotropic Gaussian kernel of 8-mm full-width-at-half-maximum. 
Data were analyzed using a standard general linear model (GLM). We defi ned one pre-
dictor function for placing the hand on the initial position (HP) and one for moving 
the eyes to their initial position (EP). Th e target (T) and reaching (R) epochs, and the 
associated predictor functions, were subdivided into twelve possible trial conditions, 
depending on the relative positions of the hand, eyes and target in each trial (Table 5.1, 
Figure 5.2C). 
To construct the predictor functions for HP, EP and the movement period, we defi ned 
a box car function extending over each instance of the corresponding time epoch occur-
ring in each subject’s run, and convolved it with the hemodynamic response function 
(HRF, modeled using a gamma function with a tau of 2.5 s and a delta of 1.5 s). For the 
predictor function after target presentation (T), we modeled a block function of 1 sec-
ond to cover the time interval that was consistently present in all trials before movement 
execution (instead of the real jittered time duration of each specifi c trial), and convolved 
it with the HRF.
In addition, we incorporated eight predictors of no interest. One regressor captured the 
times of the breaks between the blocks. Six regressors represented the head motion, mod-
eled using the six parameters provided by BrainVoyager’s motion correction algorithm. 
Finally, even with the head perfectly stabilized, the movement of the hand and lower 
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arm near the head coil can induce signal changes in the images (Diedrichsen et al. 2005). 
Th erefore, one regressor was used to model the changes in the mean signal intensity of 
the cerebrospinal fl uid (CSF), representing the magnetic fi eld fl uctuations due to the 
hand motion in the magnetic fi eld (Beurze et al. 2007).
GLMs were calculated on individual subject data sets; a random-eff ects group analysis 
was performed to test the eff ects across subjects. To correct for multiple comparisons, we 
used the false discovery rate (FDR) controlling procedure with a maximum threshold 
value of q(FDR) = 0.05 (Genovese et al. 2002). 
5.2.7 Statistical inference, regions of interest (ROIs) and mask
Contrasts were computed using random-eff ects group analyses. We restricted our analy-
sis to voxels of the cortical reach network only, including those with preparatory and 
movement-related responses. We independently, but liberally selected (P < 0.05, uncor-
rected) this reach network based on the activation during the HP and EP periods, con-
trasting the placement of the hand on the initial position (HP) and directing the eyes to 
their initial position (EP), to eliminate activation related to eye movements.
As outlined in the introduction, we hypothesized that regions of this network involved in 
integrating target and hand in gaze-centered coordinates should respond more strongly 
Table 5.1. Overview of the regressors of interest. Regressors are numbered and characterized by 
LED position (see also Figure 5.2A) used for the selection of initial hand position, gaze position and 
target position. The other columns refl ect the positions (central versus peripheral) of target relative 
to gaze, hand relative to gaze and hand relative to the body. 
Regressor
Initial hand 
position
Initial gaze 
position
Target 
position
Target relative 
to gaze
Hand relative 
to gaze
Hand relative 
to the body
1 4 5/6 2 peripheral peripheral central
2 4 4 2 peripheral central central
3 4 3 2 peripheral peripheral central
4 1 4 2 peripheral peripheral peripheral
5 4 2 2 central peripheral central
6 1 2 2 central peripheral peripheral
7 7 6 6 central peripheral peripheral
8 4 6 6 central peripheral central
9 7 4 6 peripheral peripheral peripheral
10 4 5 6 peripheral peripheral central
11 4 4 6 peripheral central central
12 4 2/3 6 peripheral peripheral central
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when target and hand are both at peripheral coordinates in the gaze frame than when 
either of these is at the origin of the gaze-centered coordinate frame. To identify these 
regions, we therefore computed a contrast image based on the summed parameter esti-
mates (beta weights) of all predictor functions representing a planned movement with 
both the hand and target locations peripheral relative to the gaze direction (1, 3, 4, 9, 
10, 12) and all predictors presenting a planned hand movement with either hand or 
target central relative to gaze (2, 5, 6, 7, 8, 11) (see Table 5.1, Figure 5.2C). Centered 
on each point of peak activation in the areas in the resulting map, a region-of-interest 
(ROI) was defi ned as all the contiguous voxels within a cubic cluster of 8 x 8 x 8 mm (to 
match the size of the smoothing kernel) that exceeded a threshold of q(FDR) < 0.05. To 
further characterize the activation of these ROIs, mean beta-weights for the respective 
combinations of regressors were subjected to post-hoc comparative analysis using one-
way analyses of variance (ANOVA), setting the Type I error at the 0.05 level (P < 0.05). 
To study body-centered hand position eff ects, we compared cerebral responses in four 
bilateral unbiased ROIs in premotor and posterior parietal cortex, based on the afore-
mentioned reaching network, for reaches planned with the hand initially located at the 
body midline versus those with the hand positioned peripherally at the start. We distin-
guished this activation further in relation to foveated and nonfoveated targets, following 
recent fi ndings by Prado et al. (2005). More specifi cally, a comparison was made between 
the summed parameter estimates (beta weights) of predictor functions 5 and 8 (i.e., 
hand starting position on body midline) versus regressors 6 and 7 (initial hand location 
peripheral from body midline) for foveal targets, and between the beta weights of predic-
tors 1, 3, 10 and 12 (hand on body midline) versus regressors 4 and 9 (hand peripheral 
from body midline) for non-foveated targets (see Table 5.1, Figure 5.2C), pooled across 
hemispheres. Again, mean beta-weights for these combinations of regressors were sub-
jected to post-hoc comparative analyses. 
Finally, to compare the gaze-centered and body-centered eff ects in these four ROIs, we 
indexed the sensitivity of the representation in these regions for gaze-centered target 
location, gaze-centered hand location and body-centered hand location. Th e index was 
computed as the diff erence between the beta weights characterizing the response during 
the respective peripheral trials with those of the central trials, divided by their sum (see 
Results for more details). 
5.3 Results
Our experimental design identifi ed regions that are involved in integrating target and 
hand representations in gaze-centered coordinates based on the assumption that the 
metabolic costs are higher for a comparison with hand and target at peripheral locations 
in the gaze frame, i.e. non-foveated, than with either of these at the central location 
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(Figure 5.1). Th e main result is shown in Figure 5.3, illustrating three distinct regions 
that fulfi ll this requirement (P < 0.05, FDR-corrected), including a region in the left 
posterior parietal cortex, which corresponds anatomically to Brodmann’s area 7 (PPC, 
Talairach coordinates (mm): -20, -61, 58) and a bilateral region in the dorsal premotor 
cortex (PMd, Talairach coordinates: -27, -10, 55 (left) and 18, -7, 58 (right)). A region 
at a similar position in the right PPC was also activated, but its response pattern did not 
pass statistical threshold.
To analyze the activation patterns of these regions quantitatively, Figure 5.4 illustrates 
the parameter estimates of the regressors that specify the gaze-centered target-hand inte-
gration. We restricted this analysis to conditions in which the hand was positioned on 
the body midline and the target was balanced over left and rightward locations relative 
to the body midline in order to exclude any possible body-centered eff ects. In all three 
regions, there was signifi cantly larger activation for movements planned and performed 
with hand and target at peripheral locations in the gaze-frame (regressors 1, 3, 4, 9, 10 
and 12 of Table 5.1) than when either target position (regressors 2 and 11) or hand 
position (regressors 5, 6, 7 and 8) was presented centrally (P < 0.05). Th is confi rms 
that the integration eff ect in these regions is not exclusively due to diff erential activa-
tion for only one of the two variables (target or hand), but rather refl ects a computation 
involving both hand and target position in gaze-centered coordinates. Note however, in 
this respect, that this analysis should not be interpreted as if no other hand-target com-
parisons are involved in the computation of the movement direction (see McQuire and 
A B
PMd
PPC
z=58
5
2 t(13)
q(FDR)<0.05
Figure 5.3. Gaze-centered integration regions for reach planning, presented on an infl ated repre-
sentation of both hemispheres of a single subject (A), and in a transversal anatomical view in neu-
rological convention (B). P < 0.05, false discovery rate (FDR) corrected. Bilateral dorsal premotor 
cortex (PMd) - peak voxel at respectively (-27, -10, 55) and (18, -7, 58) in Talairach coordinates - and 
an area in the posterior parietal cortex, part of Brodmann’ s area 7 (PPC), (-20, -61, 58), are involved 
in the computation of the diff erence vector from hand to target in gaze-centered coordinates.
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Sabes 2009) - the present fMRI paradigm does not entail contrasts distinguishing other 
comparisons (see Discussion).
Figure 5.4 further suggests that the most everyday situation, i.e., planning a reach toward 
a foveally-viewed target, has a lower metabolic cost than a reach with a foveally-viewed 
hand position. Indeed, a one-sided paired t-test shows that this is the case in right PMd 
(P < 0.05), with a tendency towards this eff ect in left PMd (P = 0.06), but not in PPC 
(P > 0.8). 
For movement execution, a movement plan must be converted into intrinsic coordi-
nates, such as joint angles, and ultimately into muscle activations. As pointed out in the 
Introduction, this transformation requires an estimate of the joint angles of the arm, i.e., 
a set of body-centered variables. To examine the role of the dorsal premotor and posterior 
parietal cortex in this mapping, we also examined their activation patterns for reaches 
starting from central and peripheral hand positions in body-coordinates (initial hand 
position on the body midline vs. away from it). To exclude in this comparison an obvi-
ous contamination or bias by the gaze eff ects described above (see Figure 5.3), we fi rst 
identifi ed the posterior parietal and premotor regions independently based on their peak 
activation in our predefi ned reaching network (see Methods, HP-EP). In the posterior 
parietal cortex, this revealed peak activation in the lateral and medial regions, both cau-
dally (cIPS) and more anteriorly (aIPS) in both hemispheres (Table 5.2). Th e dorsal pre-
motor region also showed two separate clusters of bilateral activation: a superior (sPMd) 
and an inferior dorsal premotor (iPMd) area (Beurze et al. 2009). 
Figure 5.4. Gaze-centered target-hand integration during reach planning. Comparison of the 
level of activation (beta weights, in arbitrary units) in left (A) and right PMd (B) and in left PPC (C) 
for the planning of a reach with target and initial hand position at diff erent locations in gaze-
centered coordinates: 1) target central, hand peripheral 2) target peripheral, hand central, 3) tar-
get peripheral, hand peripheral. Error bars: SE.
Target central relative to gaze 
Hand peripheral relative to gaze
Target peripheral relative to gaze 
Hand peripheral relative to gaze
Target peripheral relative to gaze 
Hand central relative to gaze
A
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We indexed the sensitivity of each of these regions (cIPS, aIPS, sPMd and iPMd) for 
gaze-centered target position, gaze-centered hand position and body-centered hand 
position. Th ese respective indices were computed by taking the diff erence between the 
responses of trials with peripheral and central locations in the particular reference frame, 
divided by their sum. In this analysis, we also distinguished the body-centered hand posi-
tion index in relation to foveal and peripheral reaches, following recent fi ndings by Prado 
et al. (2005). Figure 5.5 demonstrates the computed indices in a proportionalized view, 
i.e. relative to each other (the sum of all is 1). 
Stars indicate a signifi cant diff erence (P < 0.05) between the two conditions (central 
and peripheral). Th e index characterizing the selectivity for gaze-centered target position 
was signifi cant in all four regions. For the gaze-centered hand position, the index was 
only signifi cant in the iPMd and cIPS regions, which are indeed the regions closest to 
the gaze-centered integration areas, described in Figure 5.3. With regard to the body-
centered hand-position, the results were signifi cant for foveal reaches in all regions, but 
only in superior PMd for nonfoveal reaches, which is the region closest to the primary 
motor cortex. Th is indicates that the clearest body-centered eff ects are found in the supe-
rior dorsal premotor cortex. 
5.4 Discussion
To plan a reaching movement, the brain must integrate information about the spatial 
goal of the reach with information about the position of the hand selected for action. 
From previous studies (Calton et al. 2002; Hoshi and Tanji 2000), including those from 
Table 5.2. Premotor and posterior parietal brain regions activated during reach planning and exe-
cution (HP-EP). Coordinates in mm: x (lateral/medial), y (anterior/posterior) and z (superior/inferior) 
according to Talairach and Tournoux (1988). The t-values represent the areas’ statistics across all 
subjects.
Anatomical region Functional label Side x y z t-value
Precentral sulcus iPMd L -24 -13 58 4.2
R 25 -10 58 5.9
sPMd L -26 -13 63 3.3
R 21 -13 70 7.5
Intraparietal sulcus aIPS L -24 -52 58 2.9
R 24 -51 58 4.0
cIPS L -22 -63 49 3.3
R 22 -64 49 3.2
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our group (Beurze et al. 2007, 2009), it has become clear that the dorsal premotor and 
the posterior parietal cortex are involved in the coding of target position and eff ector 
selection, and in the integration of target and eff ector information for reaching. In the 
present study, we studied the role of gaze-centered coordinates in the integration process 
of target and hand position. 
In our paradigm, we capitalized on the idea, put forward by Jackson and colleagues based 
on studies in optic ataxia patients (Jackson et al. 2005, 2009), that gaze-centered integra-
tion areas should be able to simultaneously represent and compare the spatial location 
of the target in gaze-centered coordinates and the starting position of the hand in gaze-
centered coordinates. Th is simultaneous representation of multiple spatial locations that 
must be directly compared with one another is presumably metabolically more costly 
than representing only a single location relative to gaze. 
Based on this notion, we postulated a higher BOLD signal for reaches into the visual 
periphery than for reaches directed toward foveally-viewed targets. Indeed, both bilateral 
PMd and an area in the left PPC showed this result, consistent with the notion that they 
represent target locations in gaze-centered coordinates (Batista et al. 2007; Medendorp 
et al. 2003, 2005). We followed the same line of reasoning for delineating gaze-centered 
hand position eff ects: if the hand is positioned in line with gaze, its position does not 
need to be separately encoded in gaze-centered coordinates, leading to less brain activa-
sPMdiPMd
cIPS
aIPS
*
*
** ** *
*
*
*
*
Target relative to gaze
Hand relative to gaze
Hand relative to body
for foveal targets
Hand relative to body 
for non-foveal targets
5
2 t(13)
P<0.05
Figure 5.5. Relative contributions of reference frames for target and hand position coding in the 
posterior parietal (aIPS, and cIPS) and premotor regions (iPMd, sPMd). Stars (*): indicate a signifi -
cant diff erence between the peripheral and central condition (P < 0.05). Activation in iPMd and 
cIPS is mostly modulated by the gaze-centered target representation. Closer to the central sulcus, 
in the sPMd and aIPS regions, the body-centered hand representation gains infl uence.
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tion for planning a reach with a foveally-viewed initial hand position than for planning 
a reach with a gaze-peripheral hand position. Again, PMd and left PPC showed clear 
gaze-centered hand position eff ects. Taken together, these observations suggest that the 
PMd and PPC area have access to both a gaze-centered target and a gaze-centered hand 
representation. By corollary, these regions are in a good position to be involved in the 
integration of these two types of information in order to compute a gaze-centered move-
ment vector.
We also studied the sensitivity of the premotor and posterior parietal cortex for hand 
position in body-centered coordinates, by examining the diff erences in activation for 
reaches that are made with the hand initially aligned with the body-midline vs. those 
with the initial hand position away from the body midline. Th is analysis revealed body-
centered hand position eff ects in both neural structures. Th e body-centered eff ects in 
the superior part of the PMd (sPMd) were found irrespective of whether the reach was 
made to a foveal or peripheral target. Th is mixture of gaze- and body-centered reference 
frames in sPMd is in line with recent fi ndings in monkeys (Batista et al. 2007; Pesaran et 
al. 2006). Unfortunately, our dataset did not allow for a comparison between central and 
peripheral targets in body-centered coordinates, which means that any body-centered 
integration eff ects could not be tested directly. Based on our observations, however, it 
seems logical that sPMd is involved in the bidirectional transformations between refer-
ence frames. 
At fi rst sight, it seems odd that the cIPS, aIPS and iPMd only show body-centered hand 
position eff ects in relation to foveal reaches, thus not for peripheral reaches. One expla-
nation is that foveal reaches are coded simultaneously in gaze- and body-centered coordi-
nates, and peripheral reaches are not. Another possibility is that, in everyday life, reaches 
toward initially peripheral targets are almost always preceded by a saccade to foveate the 
target. Indeed, also in our results (Figure 5.4), foveally-directed reaches revealed the low-
est metabolic costs, perhaps refl ecting that these are most typical. Since a gaze-centered 
movement plan still has to be mapped to body-centered coordinates for reach execution, 
it may be the case that a body-centered movement plan is more readily available for 
foveal targets than for nonfoveal reach targets. Testing this possibility requires further 
experimentation, perhaps involving imaging techniques with higher temporal resolution 
than fMRI.
Th e posterior parietal cortex has access to diff erent kinds of sensory information and is 
thought to be involved in the planning of movements of various eff ectors (eyes, hand, 
fi ngers) (Andersen and Buneo 2002). Th at only the left PPC was found to be signifi -
cantly active may be attributed to the fact that the reaches were performed with the right 
hand (Medendorp et al. 2005; Snyder et al. 2006), but is also consistent with reports sug-
gesting a specifi c role for the left parietal cortex in arm movement planning (Wheaton et 
al. 2009; Rushworth et al. 2003).
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Recently, Filimon et al. (2009) described two medial parietal areas with a visuomotor role 
in goal-directed reaching movements: the superior parieto-occipital sulcus (sPOS) and 
the anterior precuneus (aPCu). Th e latter area seems to correspond to the parietal area 
described by Pellijeff  et al. (2006), and has been implicated in the dynamic representa-
tion of a body schema because of its sensitivity to postural changes of the arm. Th e sPOS 
region is very close to the region at the parietal occipital junction, described by Prado 
et al. (2005) to be active specifi cally for peripheral reaches, not for reaches into central 
vision. Filimon et al. (2009) found the sPOS more strongly activated for reaches with 
than without vision of the hand, and therefore assigned it a role in the visual monitoring 
of reaching movements. In our study, where subjects planned and performed reaching 
movements in complete darkness without visual feedback from the hand, this area did 
not show up in our gaze-centered hand-target integration contrast, suggesting that sPOS 
can only compute this vector based on visual input from both target and hand. Th e 
gaze-centered integration area we did fi nd was located very close to the combined aPCu - 
medial intraparietal sulcus network, as described by Filimon et al. (2009). As this region 
is similarly activated for reaches with and without the hand visible, and refl ects postural 
changes, it is likely to receive proprioceptive input about hand position. Our results sug-
gest that this information about hand position is coded in gaze-centered coordinates, and 
that this IPS area is involved in the gaze-centered computation of the diff erence vector 
from hand to target, at least for reaches where there is no visual input about the hand. 
Our results are also compatible with results in patients with optic ataxia (OA), who 
have damage in the posterior parietal cortex (Perenin and Vighetto 1988; Karnath and 
Perenin 2005). In fact, the basic premise of the present paradigm is based on the inter-
pretation by Jackson et al. (2009) of the defi cits in nonfoveal OA patients. In OA, the 
disorder of visually-guided reaching movements cannot be attributed to a basic motor or 
sensory defi cit (Bálint 1909; Perenin and Vighetto 1988; Rizzo and Vecera 2002), but 
seems a higher-level impairment in spatial integration of information from both vision 
and proprioception (Blangero et al. 2007; Pisella et al. 2009). According to Jackson et al. 
(2009), these defi cits result from an impaired ability to simultaneously represent multi-
ple spatial locations that must be directly compared with one another. In our study, in 
the case of a peripheral target, gaze direction and target location had to be represented 
simultaneously, whereas for a reach to a central target, these directions matched. Th e 
region in the posterior parietal cortex showed more activation for the preparation of 
reaches to peripheral targets, suggesting this area might be involved in such a simultane-
ous representation of multiple spatial locations. 
Finally, it is important to point out that we have conceptualized reference frames as 
very discrete characteristics possessed by certain cortical modules. Th is is of course an 
oversimplifi cation of how the brain works (Pouget et al. 2002). Th ere are many stud-
ies showing signs of multiple reference frames in many sensorimotor areas (Batista et 
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al. 2007; Pesaran et al. 2006; Khan et al. 2007). It is may be possible that the brain 
compares target and hand position at more than one level in the visuomotor pathway in 
multiple reference frames, and then integrates all these comparisons in the computation 
of the movement vector (Blohm et al. 2007; McGuire and Sabes 2009). Similarly, the 
present observations of gaze-centered and body-centered representations do not argue 
against the existence of representations in other reference frames, such as hand-centered 
or object-centered representations. Despite these reservations, our data do provide evi-
dence for a gaze-centered integration mechanism in PPC and PMd, and as such provide 
a step forward in dissociating reference frames for reach planning in the human brain 
using fMRI.
To conclude, the present study revealed evidence for gaze-centered target and hand posi-
tion coding in regions in dorsal premotor cortex and posterior parietal cortex, suggesting 
these regions are involved in computing movement vectors in gaze-centered coordinates. 
We also found body-centered coding of hand positions, which may be related to the sub-
sequent transformation from the gaze-centered movement vector into a body-centered 
movement plan. While the present fi ndings advance our knowledge about the neural 
computations for reach planning, it should also be clear that more work is needed in 
unraveling the computational functions of specifi c physiological substrates in generating 
reaching movements. 
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6.1 Summary
Many interactions with the world around us involve reaching out to objects that we see, 
and manipulating them with our hands. Whether simply picking up a cup of coff ee, or 
passing on the salt at dinner, or even in more advanced social interaction, visually guided 
reaches make up part of our everyday behavior. And although we make such movements 
seemingly without eff ort, the level of diffi  culty of these actions becomes clear when you 
see the uncontrolled movements of a newborn baby, who has not yet mastered the abil-
ity to link vision and the motor system, or the control of these systems individually. Th e 
objective of this thesis was to better understand the neural correlates and computational 
mechanisms underlying reach planning in humans. 
Th e computation of a reach plan and the representation of the necessary components of 
a reach - hand position and target position - have been investigated extensively in mon-
keys, but studies on reach planning in humans have been scarce. How the diff erent types 
of sensory information, like visual and somatosensory information, are integrated into a 
reach plan, and where this processing is implemented in the brain, are questions that still 
need to be answered. One crucial aspect of this problem is that the diff erent sensory sig-
nals arrive in diff erent reference frames, so that integrating or comparing them requires 
transformations between reference frames. Th e experiments described in this thesis have 
extended our knowledge of the signals and reference frames transformations for reach 
planning in humans through behavioral and fMRI studies. Th is resulted in the following 
contributions to the fi eld:
1. Psychophysical data suggest that an eye-centered mechanism is involved in inte-
grating target and hand position in programming reaching movements
2. BOLD imaging data show that the posterior parietal cortex and the dorsal premo-
tor cortex specify both the spatial location of a target and the eff ector selected for 
a reach. Th ese regions are thus selectively engaged in the neural computations for 
reach planning, which is consistent with the results from physiological studies in 
non-human primates 
3. Th e neural circuitry involved in the planning of goal-directed hand movements 
overlaps with the circuitry recruited during the planning of eye movements. Th e 
relative weight of spatial goal and eff ector selectivity changes within this circuitry, 
depending on the status of the movement plan.
4. Posterior parietal cortex and dorsal premotor cortex show eye-centered integration 
eff ects in setting up reach plans, consistent with the behavioral fi ndings described 
under item 1. Regions closer to the central sulcus show body-centered hand posi-
tion eff ects, which may be related to the implementation of a joint-based motor 
command.
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In the following section, we will provide a detailed summary of each of these fi ndings.
6.1.1 Behavioral reference frames in reaching
According to the model of diff erence vector computation for movement planning, at 
some stage in the process of a sensorimotor transformation for a reaching movement, 
information about the current position of the hand and information about the location 
of the target must be encoded in the same frame of reference in order to compute the 
hand-to-target diff erence vector. Two main hypotheses have been proposed regarding 
this reference frame: an eye-centered frame and a body-centered frame. In Chapter 2 we 
evaluated these hypotheses using the pointing errors that subjects made when planning 
and executing arm movements to memorized targets starting from various initial hand 
positions while keeping gaze fi xed in various directions. One group of subjects (n=10) 
was tested without visual information about hand position during movement planning 
(Unseen Hand condition); another group (n=8) was tested with hand and target posi-
tion simultaneously visible before movement onset (Seen Hand condition). We found 
that both initial hand position and gaze fi xation direction had a signifi cant eff ect on the 
magnitude and direction of the pointing error. Errors were signifi cantly smaller in the 
Seen Hand condition. For both conditions, though, a reference frame analysis showed 
that the errors arose either at an eye-centered stage, or at a hand-centered stage, or both, 
but not at a body-centered stage. As a common reference frame is required to specify 
a movement vector, these results suggest that an eye-centered mechanism is involved 
in integrating target and hand position in programming reaching movements. We dis-
cussed how simple gain elements modulating the eye-centered target and hand position 
signals can account for these results.
6.1.2 Integration of target and hand information for reach planning
In order to study the brain areas involved in the integration of information about the 
location of the target with information about the limb selected for the reach, we next 
performed an fMRI study on reach planning in humans. In this study, described in 
Chapter 3, we applied rapid event-related 3T fMRI to investigate the process of reach 
planning in human subjects (n=16) preparing a reach following two successive visual 
instruction cues. One cue instructed which arm to use; the other cue instructed the 
location of the reach target. We hypothesized that regions involved in the integration of 
target and eff ector information should not only respond to each of the two instruction 
cues, but should respond more strongly to the second cue due to the added integrative 
processing to establish the reach plan. We found bilateral regions in the posterior pari-
etal cortex, the premotor cortex, the medial frontal cortex and the insular cortex to be 
involved in target-arm integration, as well as the left dorsolateral prefrontal cortex and an 
area in the right lateral occipital sulcus to respond in this manner. We further determined 
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the functional properties of these regions in terms of spatial and eff ector specifi city. Th is 
showed that the posterior parietal cortex and the dorsal premotor cortex specify both 
the spatial location of a target and the eff ector selected for the response. We therefore 
concluded that these regions are selectively engaged in the neural computations for reach 
planning, consistent with the results from physiological studies in non-human primates. 
6.1.3 Reaches versus saccades
In Chapter 4, we compared the neural correlates for reach planning to those of saccade 
planning. It is generally accepted that interactions between parietal and frontal cortices 
subserve the visuomotor processing for eye and hand movements. Here, we used again 
our sequential-instruction paradigm of Chapter 3 in 3T fMRI to test the processing 
of eff ector and spatial signals, as well as their interaction, as a movement is composed 
and executed in diff erent stages. Fourteen human subjects prepared either a saccade or 
a reach following two successive visual instruction cues, presented in either order. One 
cue instructed which eff ector to use (eyes, right hand); the other signaled the spatial 
goal (leftward vs. rightward target location) of the movement. During the fi rst phase of 
the prepared movement, after cueing of either goal or eff ector information, we found 
signifi cant spatial goal selectivity but no eff ector specifi city along the parietal-frontal 
network. During the second phase of the prepared movement, when both goal and eff ec-
tor information were available, we found a large overlap in the neural circuitry involved 
in the planning of eye and hand movements. Gradually distributed along this network, 
we observed clear spatial goal selectivity and limited, but signifi cant, eff ector specifi city. 
Regions in the intraparietal sulcus and the dorsal premotor cortex were selective to both 
goal location and motor-eff ector. Taken together, our results suggested that the relative 
weight of spatial goal and eff ector selectivity changes along the parietal-frontal network, 
depending on the status of the movement plan.
6.1.4 Neural reference frames in reaching
Chapter 5 follows up on the fi ndings in Chapters 2 and 3, studying the neural reference 
frames involved in the integration of target and eff ector information for reach plan-
ning. Monkey neurophysiological evidence suggests that a mixture of reference frames is 
involved in this process, including eye and body-centered reference frames. Here, using 
3T functional magnetic resonance imaging (fMRI), we tested the role of eye-centered 
and body-centered reference frames in reach planning in the human brain. Fourteen 
human subjects planned and executed arm movements to memorized visual targets, 
while hand starting position and gaze direction were monitored and varied on a trial-
by-trial basis. We further introduced a variable delay between target presentation and 
movement onset to dissociate cerebral preparatory activity from stimulus- and move-
ment-related responses. By varying the position of the target and hand positions relative 
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to the gaze-line, we distinguished cerebral responses that increased for those movements 
requiring the integration of peripheral target and hand positions in an eye-centered 
frame. Posterior parietal and dorsal premotor areas showed such eye-centered integra-
tion eff ects. In regions closer to the primary motor cortex, body-centered hand position 
eff ects were found. Th ese results suggest that, in humans, spatially contiguous neuronal 
populations operate in diff erent frames of reference, supporting sensorimotor transfor-
mations according to eye-centered or body-centered coordinates. Th e former appears 
suited for calculating a diff erence vector between target and hand location, whereas the 
latter may be related to the implementation of a joint-based motor command.
6.2 Concluding remarks
In sum, the results presented here shed more light on how the human brain stores and 
transforms spatial information into reach and saccade plans. We have presented evidence 
that in the development of a reach plan, the brain computes an eye-centered hand posi-
tion in order to determine an eye-centered diff erence vector between hand and target. 
Our fMRI results further suggest that posterior parietal cortex and dorsal premotor cor-
tex are key players in the integration of target selection and eff ector selection. However, 
we cannot say whether these regions only facilitate an integration process of target and 
eff ector information, or whether they are also incorporated in the feedback loop that 
computes moment-to-moment motor error during movement execution. Yet, various 
lesion and transcranial magnetic stimulations studies have argued that these regions do 
participate in the online guidance of the movement (Desmurget et al. 1999; Wolpert 
et al. 1998), using a forward model to estimate the current state of the limb in eye-
centered coordinates (Desmurget and Grafton 2000; Buneo and Andersen 2006). How 
this process works in a feedforward fashion and how feedback and other monitoring 
mechanisms play their mediating roles in movements will require further characteriza-
tion of the sequence of neural activations (De Jong and Paans 2007; Schall et al. 2002; 
Sommer and Wurtz 2008; Stuphorn and Schall 2002). Helped by new paradigms and 
novel methodology we anticipate these insights in the neural mechanisms underlying 
reaching movements in the upcoming years. We further hope that they will lead to the 
design of realistic models of sensorimotor physiology, and to knowledge that can be used 
to both understand and intervene in the disorders that arise when damage or dysfunction 
of the system occurs.
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De interactie met de wereld om ons heen brengt vaak het reiken naar voorwerpen die 
we zien en het manipuleren van deze objecten met onze handen met zich mee. Of we 
nu simpelweg een kopje koffi  e oppakken, aan tafel het zout doorgeven, of zelfs bij meer 
geavanceerde sociale interacties, visueel geleide reikbewegingen maken deel uit van ons 
alledaags gedrag. En hoewel we zulke bewegingen ogenschijnlijk zonder moeite maken, 
wordt duidelijk hoe moeilijk deze acties eigenlijk zijn wanneer je de ongecontroleerde 
bewegingen ziet van een pasgeboren baby, die nog niet de vaardigheden onder de knie 
heeft om het gezichtsvermogen en het motorsysteem aan elkaar koppelen, of om deze 
systemen individueel aan te sturen. Het doel van dit proefschrift was om de neurale 
correlaten en computationele mechanismen die aan het plannen van reikbewegingen in 
mensen ten grondslag liggen beter te leren begrijpen.
De berekening van een reikplan en de representatie van de noodzakelijke componenten 
van de reikbeweging - handpositie en doelpositie - zijn in apen uitgebreid bestudeerd, 
maar studies naar het plannen van reikbewegingen in mensen zijn in het verleden maar 
zelden uitgevoerd. Hoe de verschillende typen informatie, zoals visuele en somatosen-
sorische informatie, geïntegreerd worden in een reikplan, en waar deze bewerkingen in 
de hersenen plaatsvinden, zijn vragen die nog beantwoord moeten worden. Een cruciaal 
aspect van dit vraagstuk is dat de verschillende sensorische signalen binnenkomen in 
verschillende referentiekaders, waardoor voor het integreren of vergelijken ervan trans-
formaties tussen deze referentiekaders nodig zijn. De experimenten die in dit proefschrift 
worden beschreven hebben onze kennis over de signalen en referentiekadertransformaties 
voor het plannen van reikbewegingen in mensen vermeerderd door middel van gedrags- 
en fMRI-studies. Dit heeft geleid tot de volgende bijdragen aan het onderzoeksveld:
1. Psychofysische data suggereren dat een oogcentrisch mechanisme betrokken is bij 
het integreren van doel- en handpositie voor het programmeren van reikbewegingen.
2. Beeldvormende data van de hersenen tonen aan dat de posterieure pariëtale cortex 
en de dorsale premotore cortex zowel de spatiële locatie van het doel als de eff ector 
die geselecteerd is voor de reikbeweging specifi ceren. Deze gebieden zijn dus selec-
tief betrokken bij de neurale berekeningen voor het plannen van reikbewegingen, 
hetgeen consistent is met de resultaten van fysiologische studies in niet-menselijke 
primaten.
3. Het neurale netwerk dat is betrokken bij het plannen van doelgerichte handbewe-
gingen overlapt met het netwerk dat wordt geactiveerd bij het plannen van oogbe-
wegingen. De relatieve sterkte van de selectiviteit voor het spatiële doel en de eff ec-
tor verandert binnen dit netwerk, afhankelijk van de status van het bewegingsplan.
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4. De posterieure pariëtale cortex en dorsale premotore cortex vertonen oogcentrische 
integratie-eff ecten bij het opstellen van een reikplan, in overeenstemming met de 
gedragsmatige bevindingen beschreven onder 1. Gebieden dichter bij de centrale 
sulcus vertonen lichaamscentrische handpositie-eff ecten, die mogelijk toegeschre-
ven kunnen worden aan de implementatie van een motorcommando op basis van 
gewrichtshoeken.
Hieronder zullen we elk van deze resultaten in meer detail bespreken.
Gedragsmatige referentiekaders voor het reiken
Volgens het model van verschilvectorberekening voor bewegingsplanning moet, gedu-
rende een bepaalde fase in het proces van de sensomotorische transformatie voor een 
reikbeweging, informatie over de huidige handpositie en informatie over de huidige 
doellocatie worden gecodeerd in hetzelfde referentiekader om de hand-doel-verschilvec-
tor te kunnen berekenen. De twee voornaamste hypothesen die er zijn met betrekking 
tot dit referentiekader zijn dat dit gebeurt in een oogcentrisch kader of een lichaams-
centrisch kader. In Hoofstuk 2 hebben we deze hypothesen geëvalueerd door gebruik 
te maken van de wijsfouten die proefpersonen maakten bij het plannen en uitvoeren 
van armbewegingen naar herinnerde doelen, startend vanuit verschillende initiële hand-
posities, terwijl ze hun blik gefi xeerd moesten houden in verschillende richtingen. Een 
groep proefpersonen (n=10) werd getest zonder visuele informatie over de handpositie 
tijdens het plannen van de beweging (Onzichtbare Hand conditie); een andere groep 
(n=8) werd getest met de hand- en doelpositie gelijktijdig zichtbaar voor de start van de 
beweging (Zichtbare Hand conditie). We ontdekten dat zowel de initiële handpositie als 
de richting waarin de blik gefi xeerd werd een signifi cant eff ect hadden op de grootte en 
richting van de wijsfout. Fouten waren signifi cant kleiner in de Zichtbare Hand conditie. 
Maar voor beide condities toonde een referentiekaderanalyse aan dat de fouten ofwel in 
een oogcentrische fase ontstonden, ofwel in een handcentrische fase, of in beide, maar 
niet in een lichaamscentrische fase. Aangezien een gemeenschappelijk referentiekader 
noodzakelijk is om de bewegingsvector te specifi ceren, suggereren deze resultaten dat 
er een oogcentrisch mechanisme betrokken is bij het integreren van doel- en handpo-
sitie voor het programmeren van reikbewegingen. We bediscussieerden hoe een model 
met simpele lineaire modulaties van de oogcentrische doel- en handpositiesignalen deze 
resultaten kan verklaren.
Integratie van doel- en handinformatie tijdens het plannen van reikbewegingen
Om de hersengebieden die betrokken zijn bij de integratie van informatie over de loca-
tie van het doel met informatie over de arm die geselecteerd is voor de reikbeweging te 
kunnen bestuderen, hebben we vervolgens een fMRI-studie uitgevoerd naar het plannen 
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van reikbewegingen in mensen. In deze studie, beschreven in Hoofdstuk 3, pasten we 
snelle event-gerelateerde 3T fMRI toe om het proces van het plannen van reikbewegin-
gen in proefpersonen (n=16) te onderzoeken, terwijl ze een reikbeweging voorbereidden 
na twee opeenvolgende visuele instructiecues. Een cue instrueerde welke arm gebruikt 
moest worden; de andere gaf de locatie van het doel om naar te reiken weer. We veron-
derstelden dat gebieden betrokken bij de integratie van doel- en eff ectorinformatie niet 
alleen zouden moeten reageren op elk van de twee instructiecues, maar dat ze sterker 
zouden moeten reageren op de tweede cue, door de verhoogde mate van integratieve 
verwerking om het reikplan vast te stellen. We ontdekten dat bilaterale gebieden in de 
posterieure pariëtale cortex, de premotore cortex, de mediale frontale cortex en de insu-
laire cortex betrokken waren bij de doel-arm-integratie, evenals de linker dorsolaterale 
prefrontale cortex en een gebied in de rechter laterale occipitale sulcus, die ook op deze 
wijze reageerden. We bepaalden verder de functionele eigenschappen van deze gebieden 
in termen van spatiële en eff ectorspecifi citeit. Hieruit bleek dat de posterieure pariëtale 
cortex en de dorsale premotore cortex zowel de spatiële locatie van het doel als de eff ector 
geselecteerd voor de actie specifi ceren. Daarom concludeerden we dat deze gebieden zich 
selectief bezighouden met de neurale berekeningen voor het plannen van reikbewegin-
gen, hetgeen consistent is met de resultaten van fysiologische studies in niet-menselijke 
primaten.
Reikbewegingen versus saccades
In Hoofdstuk 4 hebben we de neurale correlaten van het plannen van reikbewegin-
gen vergeleken met die van het plannen van saccades. Het is algemeen geaccepteerd dat 
interacties tussen de pariëtale en frontale cortices ten grondslag liggen aan de visuomo-
torische verwerking van oog- en handbewegingen. Hier hebben we opnieuw ons sequen-
tiële instructieparadigma uit Hoofdstuk 3 gebruikt om met behulp van 3T fMRI de 
verwerking van eff ector- en spatiële signalen, evenals hun interactie, te testen, terwijl 
een beweging in verschillende stadia werd samengesteld en uitgevoerd. Veertien proef-
personen bereidden ofwel een saccade, ofwel een reikbeweging voor, na twee opeenvol-
gende visuele instructiecues, die gepresenteerd werden in willekeurige volgorde. Een cue 
instrueerde welke eff ector gebruikt moest worden (ogen, rechterhand); de andere gaf het 
spatiële doel (linker of rechter doellocatie) van de beweging weer. Gedurende de eerste 
fase van het voorbereiden van de beweging, na het geven van de cue met ofwel de doel-, 
ofwel de eff ectorinformatie, vonden we signifi cante spatiële doelselectiviteit, maar geen 
eff ectorspecifi citeit in het pariëtale-frontale netwerk. Gedurende de tweede fase van het 
voorbereiden van de beweging, wanneer zowel de doel- als de eff ectorinformatie beschik-
baar waren, vonden we een grote overlap in het neurale netwerk dat betrokken was bij 
het plannen van oog- en handbewegingen. Gradueel verspreid over dit netwerk obser-
veerden we duidelijke spatiële doelselectiviteit en beperkte, maar signifi cante, eff ector-
specifi citeit. Gebieden in de intrapariëtale sulcus en de dorsale premotore cortex waren 
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selectief voor zowel doellocatie als motor-eff ector. Tezamen suggereren onze resultaten 
dat de relatieve sterkte van de selectiviteit voor het spatiële doel en de eff ector verandert 
binnen het pariëtale-frontale netwerk, afhankelijk van de status van het bewegingsplan.
Neurale referentiekaders voor het reiken
Hoofdstuk 5 borduurt voort op de bevindingen van Hoofdstukken 2 en 3, waar de 
neurale referentiekaders die betrokken zijn bij de integratie van doel- en eff ectorinforma-
tie voor het plannen van reikbewegingen bestudeerd werden. Neurofysiologisch bewijs 
gemeten in apen suggereert dat een mengeling van referentiekaders betrokken is bij dit 
proces, waaronder oogcentrische en lichaamscentrische referentiekaders. Hier hebben 
we, met behulp van fMRI, de rol van oogcentrische en lichaamscentrische referentie-
kaders bij het plannen van reikbewegingen in het menselijk brein onderzocht. Veertien 
proefpersonen moesten armbewegingen naar herinnerde visuele doelen plannen en uit-
voeren, terwijl de startpositie van de hand en de kijkrichting werden gecontroleerd en 
gevarieerd per trial. We introduceerden verder een variabele vertraging tussen het presen-
teren van het doel en het begin van de beweging om voorbereidingsactiviteit te kunnen 
scheiden van stimulus- en bewegingsgerelateerde activiteit. Door de positie van het doel 
en de hand ten opzichte van de kijkrichting te variëren, konden we de hersenactiviteit 
die toenam voor die bewegingen waar de integratie van perifere doel- en handposities in 
een oogcentrisch kader noodzakelijk was onderscheiden. De posterieure pariëtale cortex 
en dorsale premotore gebieden toonden zulke oogcentrische integratie-eff ecten. In gebie-
den dichter bij de primaire motor cortex werden lichaamscentrische handpositie-eff ecten 
gevonden. Deze resultaten suggereren dat, in mensen, spatieel aangrenzende neuronale 
populaties opereren in verschillende referentiekaders, om zo sensomotorische transfor-
maties in oogcentrische of lichaamscentrische coördinaten te ondersteunen. Het eerste 
lijkt geschikt voor het berekenen van een verschilvector tussen doel- en handlocatie, 
terwijl het laatstgenoemde gerelateerd kan zijn aan de implementatie van een motorcom-
mando op basis van gewrichtshoeken.
Conclusies
Samenvattend werpen de resultaten zoals hier gepresenteerd meer licht op hoe het men-
selijk brein spatiële informatie opslaat en omzet in plannen voor reikbewegingen en 
saccades. We hebben evidentie gepresenteerd dat tijdens de ontwikkeling van het plan 
voor een reikbeweging het brein een oogcentrische handpositie berekent om een oog-
centrische verschilvector tussen hand en doel te kunnen bepalen. Onze fMRI-resultaten 
suggereren verder dat de posterieure pariëtale cortex en de dorsale premotore cortex een 
sleutelrol vervullen bij de integratie van doelselectie en eff ectorselectie. We kunnen ech-
ter niet zeggen of deze gebieden het integratieproces van doel- en eff ectorinformatie 
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enkel faciliteren, of dat ze ook zijn opgenomen in de feedbackloop die van moment tot 
moment de motorfout berekent gedurende de uitvoering van een beweging. Maar ver-
schillende laesiestudies en studies met transcraniële magnetische stimulaties duiden erop 
dat deze gebieden betrokken zijn bij het on line geleiden van de beweging (Desmurget et 
al. 1999; Wolpert et al. 1998), waarbij ze gebruik maken van een voorwaarts model om 
de huidige positie van de arm in oogcentrische coördinaten in te schatten (Desmurget 
en Grafton 2000; Buneo en Andersen 2006). Hoe dit proces werkt op een feedforward 
manier en hoe feedback en andere controlerende mechanismen hun modulerende rol 
bij reikbewegingen vervullen vereist verdere karakterisatie van de opeenvolging van neu-
rale activiteit. Geholpen door nieuwe paradigma’s en methodologieën hopen we deze 
inzichten in de neurale mechanismen die ten grondslag liggen aan reikbewegingen in 
de komende jaren tegemoet te kunnen zien. We hopen verder dat dit zal leiden tot het 
ontwerp van realistische modellen van de sensomotorische fysiologie, en tot kennis die 
kan worden gebruikt om de aandoeningen die ontstaan wanneer schade aan of disfunctie 
van het systeem optreedt zowel te kunnen begrijpen als om hierop in te kunnen grijpen.
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Een promotietraject is een beetje als een puzzel, bestaande uit een, zeker in het begin, 
niet te overzien aantal stukjes. Je probeert je een beeld van de puzzel te vormen, het 
onderwerp in te perken door eerst de randjes te leggen, eindeloos te passen en te meten 
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erkentenis, mijn fi etsstuur weer hielpen vastzetten zodat ik met twee kleine jongetjes 
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Een aparte vermelding voor Paul Gaalman, voor alle hulp bij het boeken en scannen. En 
voor Floris de Lange, niet alleen voor je grote rol bij de metingen voor twee van mijn 
fMRI-experimenten, maar ook voor de inhoudelijke discussies en je immer vernieu-
wende ideeën. En omdat ik altijd bij je terecht kon voor problemen met Matlab, evenals 
bij Lennart Verhagen, zonder wiens correctieroutine het meten van reikbewegingen in de 
scanner een stuk problematischer zou zijn geweest. Also, I want to thank Ivan Toni for 
all the fruitful discussions when setting up our experiments and about the interpretation 
of the data. I highly appreciate you even were willing to study our data in BrainVoyager 
for this.
En dan zijn er natuurlijk nog alle mensen die van mijn verblijf op het DCC en DCCN 
een plezierige ervaring hebben gemaakt. De junioren uit de groep van Pieter, de leden 
van de groep van Ivan, de koffi  etafel van het DCC, alle lunchgenoten en theedrinkers... 
En dan natuurlijk nog de mensen met wie ik in de loop der jaren de kamer gedeeld heb 
(en zelfs dat zijn er meer dan een handvol). Dankzij jullie voelde ik me op mijn beide 
werkplekken thuis.
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In het bijzonder wil ik hier mijn twee paranimfen bedanken. Stan van Pelt, je was mijn 
eerste kamergenoot en hebt me welkom geheten en wegwijs gemaakt op het DCC. Bij 
jou kon ik altijd terecht voor praktische vragen, en je hebt natuurlijk een belangrijke bij-
drage geleverd aan het tweede hoofdstuk van mijn proefschrift, maar wat je echt onmis-
baar maakte was je rol als toehoorder wanneer ik bij tijd en wijle stoom af moest blazen. 
Jasminka Majdandžić, met jou heb ik onze kamer de meeste uren gedeeld. En niet alleen 
onze kamer, maar ook alle lief en leed en dagelijkse kleine dingen. Je was er altijd voor me 
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in mijn gedachten kwam, maar omdat ik het het moeilijkst vind om jouw aandeel in dit 
werk recht te doen in dit dankwoord. Voor je grote betrokkenheid bij de mensen die je 
begeleidt, niet alleen bij hun onderzoek, maar ook bij hun persoonlijke leven, heb ik veel 
waardering. Verder laat zich jouw rol denk ik het beste in één zin samenvatten: zonder 
jou had dit proefschrift er niet gelegen, bedankt!
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